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CHAPTER 1
General introduction 
(preamble)



The immune system early in life is immature and biased towards Th2 rather than Th1 type of 
responses(1,2), which leaves newborns to be susceptible for infections and prone to allergy develop-
ment. This immaturity compromises their responsiveness to vaccination and may even be related 
to the development of autoimmunity’s. Supporting the capacity to induce a strong Th1 type of 
response can be a promising strategy to protect newborn babies from infections, reduce the risk 
for development of allergies, and will improve some aspects of vaccination responsiveness. On 
the other hand, excessive Th1 responses are associated with the development of some autoimmune 
diseases such as type 1 diabetes (T1D)(3,4). Therefore, priming a proper balance within the immune 
repertoire in early life is of great importance for the development of infant’s health. 

To train the immune system, several factors are involved, including but not limited to genetic back-
ground, environmental factors, infections and nutrition. One of the most important environmental 
factors that interacts with host immune system and drives the immune development is the micro-
biome. Both the development of infant’s immune system as well as the gut microbiome, among 
others, can be achieved by nutritional factors during early life. Human milk is the very first nutrition 
and absolutely the best for infants providing them with optimal. Unique for human milk is the fas-
cinating complexity of human milk oligosaccharides (HMOS) consisting of hundreds of different 
short-chain as well as long chain sugar molecules in a ratio of approximately 9:1(5). HMOS were 
first identified as prebiotics due to their effects on promoting the growth of so-called “beneficial” 
bacteria. However, HMOS are not just food for certain bugs. There are different direct interactions 
between these unique sugar molecules and immune cells, epithelial cells and even neurons. Due to 
their presence in the circulation and small intestinal lumen(6) a direct effect on immune cells is plau-
sible. Therefore, HMOS may benefit the infants’ health through developing an optimal microbiota 
composition but more importantly aid in building a healthy balanced immune system in early life 
that is fit to adapt to danger signals for the inside and outside. 

One unique HMOS structure is 2’-Fucosyllactose (2’FL), which is one of the most abundant oligo-
saccharide in the milk of ‘secretor’ mothers expressing the FUT2 gene, with a concentration of up 
to 2.7g/L in human milk(5). Due to the high abundance of 2’FL within the highly complex HMOS 
mixture and the genetics of its expression in humans, it is interesting to identify its role in the com-
plex HMOS mixture regarding the immunomodulatory effects and microbiota modification. 

More important is the understanding the function of individual prebiotic oligosaccharides related to 
the functional aspects of total authentic HMOS mixture. Dietary intervention with prebiotic short-
chain Galacto-oligosaccharides (scGOS) and long-chain Fructo-oligosaccharides (lcFOS) at a ratio 
of 9:1 improved and induced a healthy balanced and fit immune system leading to better immune 
resistance to infections, less allergies and even improved vaccination responsiveness. Some of these 
have been described for both humans as well as animals. The influenza vaccination research model 
was used frequently in order to describe and understand the unique effects of for example scGOS 

10

1 CHAPTER 1



and/or lcFOS. Combining this scGOS/lcFOS (9:1) mixture with 2’FL did lead to some highly in-
teresting synergistic effects as shown using this same experimental vaccination model against Flu. 

Aim
This thesis aims to investigate the immunomodulatory effects of authentic HMOS and specific 
oligosaccharide mixtures. For that purpose, an autoimmune diabetes mouse model and a murine 
vaccination research model have been used. In addition, in vitro mouse bone marrow derived- and 
human monocyte derived- dendritic cell models have been used in order to unravel immune mech-
anism involved. 

The following specific aims were explored:
1. What is the effect of HMOS isolated from human milk on the non-obese diabetic mouse model 

and mouse bone marrow derived dendritic cells (chapter 4)?
2. Are the effects of authentic HMOS translatable/comparable with data obtained using human in 

vitro cell models (chapter 5)?
3. What is the effect of 2’FL alone and/or combination with scGOS/lcFOS on an influenza vacci-

nation mouse model (chapter 6 and 7)?

In the following, the content of each chapter is described:

Chapter 2 provides a general introduction of the important immunological aspects of HMOS. A 
summary of available evidence regarding the beneficial effects of HMOS in different immune con-
texts, including autoimmune diabetes and vaccination responsiveness.

Chapter 3 provides an in-depth review of dietary intervention in the prevention and treatment of 
type 1 diabetes, and proposes the potential of HMOS in protecting against type 1 diabetes via reg-
ulating the immune system and modulating the gut microbiota composition and metabolism. More-
over, the possible cellular and molecular mechanisms involved in the immunomodulatory effects of 
HMOS on dendritic cells were postulated. 

Chapter 4 demonstrates that dietary intervention with authentic HMOS in early life protected 
NOD-mice from developing T1D in later life through a.o. modulating gut microbiota composition 
and metabolites, as well as regulating immune responses via dendritic cells.

Chapter 5 indicates that HMOS induced direct immunomodulation and suppressed LPS-induced 
over activation of human DCs. Moreover, this chapter provides deep insights into multiple molecu-
lar pathways involved in the immune modulatory effects of HMOS mixture. 

Chapter 6 presents enhanced humoral and cellular immune responses in an influenza vaccination 
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mouse model by dietary intervention with 2’FL, which might be attributed in part to the direct ef-
fects of 2’FL on immune cell differentiation. 

Chapter 7 demonstrates an even more pronounced vaccine-specific immune responsiveness by 
mixing of 2’FL and scGOS/lcFOS. Underlying mechanisms indicate that both direct immune effects 
(systemic and intestinal immune responses) as well as microbiome modulation are involved. 

Finally, chapter 8 summarizes the most relevant findings of all studies and provides suggestions for 
future research activities. 
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INTRODUCTION

Human milk remains the preferred nutrition in early life for infant’s development. Infant formula 
has over many decades developed into adequate nutrition for those infants who cannot receive hu-
man milk. However, even modern infant formula lack especially components which are tailor-made 
by each mum for the immune imprinting of her baby such as specific antibodies (based on immune 
history of the mother) and human milk oligosaccharides (based on her specific genetic status with 
regard to Lewis blood group and secretor status). The primary immune challenge after birth is in-
fection and secondary the maturation of the immune system to fight of allergies (learn differences 
between self and non-self) is key in a healthy development. Within this chapter, we will highlight 
the immunological importance of specific oligosaccharides known to be present in human milk and 
their role in the infant’s immune development. Moreover, the unique interactions between specific 
oligosaccharides on microbiome and immune system development will be discussed, as well as the 
impact of such interactions may have on specific diseases. 

Early life immune development
At birth our immune system is invariably different from adults in relation to immune responsive-
ness. Although competent and able to recognise infections, the relative immaturity at birth is an 
important factor in the challenging fight against infections. The limited antigen exposure as well 
as the natural biased status during pregnancy, to prevent adverse immunological reactions result 
in this immaturity of the immune system at birth (1). For instance, the immune responses elicited 
in response to infectious pathogens and vaccines are inefficient during the neonatal period (2, 3). In 
addition, the gastrointestinal (GI) tract is functionally as well as immunologically immature at birth. 
Proper maturation of the mucosa from the GI tract requires not only the first colonization by mi-
croorganisms, but also a fully integrated balance between the functional microbial community and 
the nutritional and immunological requirements of the host (4-6). The mucosal contact to the external 
microbiota plays a crucial role in establishing and maturation of the immune systems (7). The first 
postnatal year of life seems to be the essential period for programming the immune system. Factors 
to which each new born is likely to be subjected to during early life that impact early development 
of the immune system are environmental exposures like feeding (i.e., human milk) use of antibiot-
ics etc. Emerging knowledge provides understanding of the protective and programming effects of 
nutritional components on the healthy immune development, providing opportunities to improve 
the healthy development and consequently reduce the risk of diseases later in life. However, a 
better understanding of the biological mechanisms involved, including the relative contributions of 
individual dietary components is important to enable the design of effective supporting strategies in 
order to reduce the impact of infectious diseases.

Human milk oligosaccharides
Within the first few months in life infants should receive only human milk as their diet. This im-
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plicates that with the rapid growth of the infant at least all essential nutrients need to be present. 
Human milk has evolved to contain all the nutrients necessary for the infant to thrive. In addition, 
on top of the essential nutrients, human milk is known to contain ingredients providing additional 
health benefits. Human milk oligosaccharides been identified in human milk and are unique in their 
structural diversity and high amount, the actual variety can be estimated to be even in the range 
of 1000 different structures. Although the composition of human milk varies extensively between 
individuals and time of feeding (8, 9), on average the variety of complex oligosaccharides present in 
human milk exceed the variety in cow’s milk and consequently infant formula. In the mean time all 
major infant formulas contain only limited kind of non-digestible OS. However, the main evidence 
with regard to oligosaccharide based benefits on stool characteristics (pH, frequency, consistency, 
microbiota) and immunity are for a specific mixture of short chain Galactooligosaccharides (sc-
GOS) and long chain fructo oligosaccharides (lcFOS) (9:1). Very recently a first study was reported 
on the use of specific HMOS 2’-fucosyllactose (2’FL) in infant formula. Growth and 2’FL uptake 
were similar to those of human milk-fed infants (10). 

FIGURE 1| Summary of the composition of human milk.

The largest carbohydrate component of human milk is lactose which consists of a galactose com-
bined with glucose. Lactose is digested by the infant and serves as fundamental building block 
for the larger oligosaccharides found in human milk. If the fucose is coupled to the lactose one 
speaks about a fucosyllactose (FL), whereas if a binding of lactose to N-acetylneuraminic acid 
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generates a sialyllactose (SL). Depending on the binding site different structures arise. Recently the 
identification of different oligosaccharides in non-human milk revealed the presence of complex 
structures with fucose. 2’FL, which is present in about 20% of the oligosaccharides found in hu-
man milk (11). Only 0.3 % of the bovine oligosaccharides were found to be fucosylated, subscribing 
the differences between species. The more combinations made between these building blocks, the 
more complex the oligosaccharide structures become. For instance, when combining N-acetylglu-
cosamine with galactoses and N-acetyl neuraminic acids with glucose, different HMOS including 
disialyllacto-N-tetraose are formed. This illustrates the possibilities of generating large panels of 
these complex oligosaccharides, and implicates in addition an important difference between human 
and nonhuman milk. 

Breastfeeding reduces the risk for infection
Both UNICEF and the World Health Organisation (WHO), recommend exclusive breastfeeding 
up to the age of 6 months, with continued breastfeeding along with appropriate complementary 
foods up to the age of two years or beyond. Numerous positive health benefits are associated with 
breast-feeding. Human milk is not only a comprehensive source of nutrition, it is also a well-estab-
lished factor within the defence against infectious disease in infants (12). Indeed, in both the neonatal 
period and after weaning the clinical benefits of breastfeeding are well documented. Large cohort 
studies, in which mother-infant pairs are systematically studied, provide insights into differences 
related to mode of infant feeding, into the incidence of different diseases generally known to occur 
during infancy. Infants consuming mother’s milk were found to have a several-fold lower risk for 
the development of infectious diarrhoea and a lower risk on respiratory tract infections as well as 
other types of infectious diseases, including otitis media. Moreover, breastfeeding reduces the risk 
of hospitalization for lower respiratory tract infections in the first year of life (13). The findings of 
these studies were since generally replicated by subsequent studies conducted over several decades 
and on different continents (12, 14).

This protective effect can partly be explained by the passive immunity provided by the mother 
trough pathogen specific antibodies present in milk. In addition, human milk contains a wide range 
of immune modulatory factors including human milk oligosaccharides (HMOS), fatty acids, nucle-
otides, cytokines, lysozyme, and lactoferrin and even immune cells (15). Moreover, essential within 
provision of the first microbial colonisation support, human milk has been shown contain bacteria, 
including staphylococci, streptococci, bifidobacteria, and lactic acid bacteria (16, 17) these play a sig-
nificant part in supporting the balanced development of infants immune system. The composition of 
human milk changes in accordance to maternal nutritional status. Although it has been shown that 
nutritional deficiencies within the mother directly contributes to the deficiencies in their infants (18), 
it remains difficult to prove that there is a direct association between the maternal nutritional status 
and the level of immune factors found in human milk (19). In general, it is accepted that malnutrition 
leads to impaired immune responsiveness and consequently impairs the defence against infections. 
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Observations from cohort studies have shown an association between low birth weight and maternal 
malnutrition, leading to an impaired response to vaccines (20, 21). This malnutrition induced immuno-
logical impairment is multifactorial, including but not limited to a reduced complement activation, 
impaired mucosal barrier function, insufficient antibody production, and reduced numbers of circu-
lating cells (including T-lymphocytes (T cells), natural killer (NK) cells and dendritic cells (DCs)). 
In addition, increased number of infectious episodes will also contribute to nutrient deficiencies via 
altered nutrient transport, decreased absorption and an increased energy requirements, while the 
impaired gut function and microbiota further impair the immune defence and increase susceptibility 
to infections ((22, 23) and reviewed by Cunningham-Rundles S. et al., (24)).

How does breastfeeding reduce the risk for infection?
The development of a stable immune responsiveness and robust microbiome composition are close-
ly correlated in early life. Breastfeeding has an important role herein. Exclusive breastfeeding until 
the age of 4 months followed by partial breast feeding is associated with a significant reduction 
of respiratory and gastrointestinal infectious diseases (25, 26). In addition, infants who were not ex-
clusively breastfed at 6-8 weeks of age, have a greater risk for hospitalization in early life for a 
range of common childhood infections (14). The protective effect has been shown to persist during 
childhood (27, 28). This indicates that human milk can provide passive immunity through for instance 
maternal antibodies, but also supports the development of the adaptive immunity (29, 30). Although 
several studies have been performed to address the effect of human milk on innate immunity (i.e. 
the direct generic way of the immune system to respond to a pathogen) as well as the pathogen 
specific adaptive immunity (providing long-lasting protection), the observations were not consistent 
throughout the studies. For instance, in some studies breastfeeding was found to be associated with 
a lower frequency of systemic naïve (CD45RA+) T cells in infants, whereas others showed higher 
numbers of these cells. Furthermore, an association was found with increasing numbers of periph-
eral CD4+ and CD8+ T cells in infants and long term breastfeeding (31-34). Mainly due to the small 
sample size of the studies and the limitations in detection of memory T cells these studies remain 
inconclusive regarding the role of breastfeeding on the adaptive immunity. Within a large popula-
tion based prospective cohort study (Gen R) the impact of breastfeeding on memory B and T cells 
was studies in infants and young children. Within a large number of healthy children, it was shown 
that the number of memory B cells (CD27+IgA+, CD27+IgM+ and CD27-IgG+ memory B-cell) 
decreased with longer breastfeeding duration. In addition, the CD8+ T cells, and especially the 
central memory CD8+ T cells, were higher in breastfed children up to 6 months of age compared to 
exclusively formula fed infants. Although the functional immunity to specific pathogens could not 
be studied, the previous findings within small studies (n<40) (of increased CD8+ T cell frequency 
or decreased CD4/ CD8 T cell ratios) was confirmed. Infants who were breastfed until 3 months of 
age had a higher frequency of CD8+ T-cells compared to infants who did not receive any human 
milk. This difference persisted over time when breastfeeding until 6 months was compared to non-
breast fed infants. This indicates that the development of CD8+ T cells is supported by exposure 
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to human milk, but no accumulation occurs over time. These results extend previous observations 
and suggest that on top of the protective effects of maternal pathogen specific antibodies in breast 
milk, the CD8+ T cell support might contribute to the protective effect against infectious diseases 
in infancy as shown through breastfeeding (35). 

The protective effect against infections by human milk is suggested to be attributed at least in part 
to the presence of complex human milk specific oligosaccharides. The activity of HMOS in both in 
vitro and in vivo systems have demonstrated the potential of both neutral (LNnt) and acidic HMOS 
to effectively inhibit infection of specific rotavirus strains (36). The possible mechanisms by which 
these specific HMOS exert their anti-infective properties might be inhibiting rotavirus binding to 
the host cells and/or blocking virus entry into the cell or blocking viral replication. In spite of 
direct blockage of viral infection by mimicking viral receptors, indirect modulation of intestinal 
microbiota and immune responses through nurturing intestinal cells and/or intestinal microbiota and 
oligosaccharide-lectin interactions, respectively has also been hypothesized.

Effect of breastfeeding on vaccination-induced immune responses
Adaptive immune responses to specific antigens develop differently in infants receiving formula 
feeding or breastfeeding. Difference in responses to measles-mumps-rubella vaccine (37) as well as 
to Haemophilus influenza type b and pneumococcal vaccines (29, 38), have been reported between 
breastfed infants and those who were not breastfed. Infants immunized with Haemophilus influ-
enzae type b (Hib) vaccine who were breast fed had significantly higher vaccine specific antibody 
responses at the age of 7 months (39). In addition, this impact remained significant at later age (40). 
Moreover, Kanariou et al. showed that the level of IgA, an immune modulatory component that 
boosts antibody titers during immunization, was positively correlated with breastfeeding (41). Breast-
feeding has also been associated with a decreased incidence of fever after immunizations (42). More 
recently it was shown that breastfeeding around the time of rotavirus (RV1) vaccine administration 
tended to increase the anti-rotavirus IgA seroconversion compared to those temporarily withheld 
from breast feeding (43). 

In addition, it is shown that early life immune modulating aspects have longer term consequences 
for the vaccination responsiveness (44). In correlation to the finding of increased naïve CD8+ T cells 
compared to formula feeding, breast fed children show increased interferon-γ production, as well 
as increase in frequencies of CD8+ T cells after vaccination with mumps, measles and rubella. On 
a cellular level, it has been reported, that two weeks after live viral vaccination, only the breast-fed 
infants had increased percentages of CD56+ and CD8+ lymphocytes with increased production of 
virus specific interferon-gamma. The immunologic responses to vaccination were sustained over a 
longer period of time in subjects that were breastfed (40). Moreover, beneficial effects on virus-spe-
cific immune responses to poliovirus, diphtheria toxoid and tetanus toxoid have been indicated 
through breastfeeding, whereas the responses to rotavirus are not clearly enhanced (38, 45, 46). These 
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studies however were not designed to find differences between feeding type and may therefore not 
have been powered to take all confounding factors into account. 

Recent studies showed that the effects of prebiotic oligosaccharides (produced by fermentation), 
mimicking those present in human milk, could significantly enhance vaccine-specific cellular re-
sponses as measured by a delayed type hypersensitivity response (DTH), the level of vaccine-spe-
cific IgG did not differ between the feeding groups at 12 months of age (47). These studies explain in 
part some of the immune modulatory benefits of breast milk. 

Breastfeeding lowers risk of allergy development
Although the protection against infectious diseases among children receiving human milk is clearly 
observed, the possible benefit for the prevention of allergy development remains controversial (25, 

48, 49). It is shown that the maternal allergic state affects composition of human milk (48). Within the 
PATCH study (birth cohort study entitled Prediction of Allergies in Taiwanese Children) colostrum 
samples were analyzed from 98 lactating mothers and an association between maternal allergy sta-
tus and level of inflammatory markers like (sIgA, IL-8, and sCD14) in human milk was found (50). 
They also detected an increased level of fecal sIgA in infants receiving breastfeeding irrespective to 
the maternal allergic state. sIgA is an abundant immunoglobulin found in human milk and within the 
gastrointestinal tract of the infant. sIgA can bind to bacteria, toxins and other components reducing 
their ability to bind to the intestinal epithelial cell modulating foreign antigen up take by the intes-
tine. This in turn may influence the risk for allergic sensitization. sIgA is known to be critical for 
the development of oral tolerance and a high level of intestinal IgA (possible induced by local low 
grade inflammation) has been associated with a reduced risk for the development of IgE-associated 
allergic diseases (51). In addition, since the level of sIgA is seen as a marker of intestinal maturation 
and known to play an important role in the development of oral tolerance in infants, increase in fecal 
sIgA may suggest a potential mechanism to explain the protective effects of breastfeeding against 
the development of allergic manifestations. 

Next to the inflammatory markers in breast milk, several food antigens can also be detected in 
human milk. Not only the presence of peanut, egg and cow’s milk proteins have been described, 
also other less known allergens like wheat and peach proteins have been detected in breast milk 

(52). Whether the presence of food allergens in human milk might lead to sensitization or tolerance 
induction to these foods allergens in infants remains unknown. Early sensitization to food allergens 
through components in breast milk may occur and thereby might explain why some infants respond 
to proteins in an allergic way although they have never eaten it before. An additional influencing 
factor on the risk for allergy development is the time of solid food introduction. Although scientific 
evidence is limited, the timing of solid-foods as well as formula has been associated with the de-
velopment of allergic diseases (53). Any discordance between the early developmental requirements 
for infant’s immune development and the dynamic nature of human milk constituents may possible 
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contribute to the development of allergic diseases (49).

The mechanism of specific HMOS to reduce the risk for allergy development is currently not 
known, although recently some studies in mice may suggest an immune modulatory effect. Supple-
mentation of the diet with 2’FL or 6’SL did not show any effect on the levels of allergen specific IgE 
in sensitized or challenged mice. This is in accordance with the earlier findings in the vaccination 
models (47, 54, 55) and our clinical studies. Dietary supplementation with specific oligosaccharides has 
been shown to reduce the risk of developing allergies in infants (56-59). The question however remains 
whether the observed effects are derived from direct interaction with immune cells or indirectly 
through the alteration in microbiome composition and change in derivatives thereof. It is clear that 
the microbiota composition and activity has an influence on the development of allergy, more spe-
cifically the regulatory T cell development is strongly influenced by the microbial composition, and 
therefore subject to modulation by dietary intervention and specific oligosaccharides (60, 61). Within 
in vitro assays it has nicely been shown that the addition of specific oligosaccharides during den-
dritic cell development induces an regulatory T cell response potentially of benefit in allergic setting 
(62). Therefore, during the development of the immune system in early life it seems likely that via 
multiple direct and indirect pathways specific HMOS contribute to the development of a balanced 
immune system and reduced the risk of allergic manifestations. 

Breastfeeding and development of autoimmunity
Type 1 Diabetes (T1D) is a multifactorial, immune-mediated disease, which is characterized by the 
progressive destruction of autologous insulin-producing beta cells in the pancreas. Environmental 
factors that have been correlated to the risk of developing T1D include delivery mode at birth (63, 64), 
early life nutrition (65-68), and frequent usage of antibiotics (69, 70). As these factors are known to impact 
the development of the microbiota directly, and directly or indirectly influence the immune system. 
Nutrition early in life has been suggested as the determinant of disease incidence by their effects 
on the immune status, i.e. early childhood (≤3 month) introduction to cereals (65, 66) was shown to 
promote beta cell autoimmunity. The increased T1D incidence in infants who were delivered by 
caesarean section has recently been associated with altered composition of gut microbiome (63, 64). 
Moreover, evidence that both Bio-breeding Diabetic (BB-DP) and rats non-obese diabetic (NOD) 
were protected from diabetes onset by antibiotic use support the crucial role that gut microbiota 
play in the disease (70). However, it remains controversial whether breast feeding is protective for the 
development of T1D. Breast feeding has shown to reduce the risk and/or prolonged the time to T1D 
onset (67, 68) whereas other studies presented opposite findings (65, 66). Regardless, the beneficial effect 
of breast feeding has been suggested to be attributed to the regulation on (mucosal) immune system. 
Elevated levels of CD4+CD25+Foxp3+ in the mesenteric lymph nodes of prolonged exclusive breast-
feeding BBDP rat pups throughout life were observed as well as low cytokines secretion at weaning 
(71). Additionally, some studies suggest the protective effect is based on the effect on intestinal mat-
uration and thus decreased permeability. Through degradation and fermentation of carbohydrates 
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into short chain fatty acids (SCFAs) in the mature gut, indirectly the human milk oligosaccharides 
can have an influence on the intestinal mucosal immunity and stability. Butyrate, as one of the 
dominant SCFAs found in breastfed infants, has been shown to enhance the intestinal barrier by 
regulating the assembly of tight junctions (72). In addition, SCFAs have shown to be crucial for effi-
cient mucin synthesis. The production of mucin, is negatively influenced by non-butyrate producers 
in autoimmune individuals, rendering them more susceptible for intestinal inflammation. In line 
with this concept is the observed decrease in abundance of F. prausnitzii (butyrate-producing bacte-
rium) in children with detectable diabetes-related autoantibodies (73), suggesting an involvement of 
the microbiome. We showed that temporary dietary exposure of non-obese diabetic (NOD/ShiLtJ) 
mice to HMOS in early life reduced the incidence of autoimmune diabetes later in life (74). The data 
regarding splenic Tregs from NOD mice indicate that the alterations are induced in response to the 
severity of the disease process, rather than being a causal factor of the protective HMOS effect. 
These results indicate that benefits of breast feeding may include changes in immune development 
by HMOS, leading to suppression of spontaneous autoimmune reactions later in life. However, it 
would be important to examine the regulation of intestinal immunity by HMOS intervention, which 
may be related to their modulatory effects on gut microbiota, thus provide the possible mechanism 
underlying the protective effects. 

What is the role of immune modulation by oligosaccharides including HMOS?
With the progression of manufactured HMOS more and more becomes known about the functional 
benefits these oligosaccharides may elicit as depicted within Figure 2. For instance, one of the most 
studied human milk oligosaccharides is the 2-linked-fucosylated oligosaccharides of human milk, 
it have been reported to control diarrhoea caused by the heat-stable toxin of E. coli and inhibits the 
binding of C. jejuni to the colon (75-77). An additional aspect of interest related to 2’FL, is that it is 
not present in the milk from all lactating women, and the concentration varies significantly during 
lactation.
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FIGURE 2| Health benefits of breastfeeding and of human milk oligosaccharides (HMOS).

The high variability of fucoses in human milk is dependent on the genetically determined expres-
sion of FUT2. The lack of this enzyme results in the inability to attach 2-linked fucoses during the 
glycosylation process which is essential in the protein folding, but also in the production of specific 
oligosaccharides. The presence or absence of alpha-1,2-linked fucosylated epitopes in secretions, 
including saliva and milk, defines secretor and non-secretors respectively. Consequently, the secre-
tor-phenotype distribution differs among populations providing the opportunity to test efficacy of 
these pathogen inhibitors in a human population(78, 79).

The protective capacity differences between the phenotypes has been studied by taking 93 breast-
feeding mother-infant pairs and follow them prospectively from birth up to two years of age with 
weekly infant feeding and diarrhoea data collection. In this study, the inhibition of norovirus bind-
ing by human milk of secretors of all blood group types was effective at blocking the virus binding, 
whereas milk from non-secretors did not block the norovirus binding. Infants whose milk contained 
high levels of total 2’FL as a percentage of milk oligosaccharides less often showed moderate-to-se-
vere diarrhoea symptoms regardless of the pathogen causing the diarrhoea. Within this study associ-
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ations were found between levels of 2’FL, lacto-N-difucohexaose (LDFH-I), (a 2-linked fucosylo-
ligosaccharide ) and ratios between 2-linked to 3/4-linked oligosaccharide, with specific pathogens 
like E-coli, campylobacter and norovirus (80). In addition to the human oligosaccharides, human milk 
also contains hyaluronan (HA), polymer from glycosaminoglycans. It has been found that the ex-
pression of antimicrobial peptides (like human defensin-2) in the intestinal epithelium can be stim-
ulated with HA enhancing the resistance to an infection by Salmonella typhimurium. This is thought 
to be mediated through CD44 receptor and Toll-like receptor-4 activation enhancing the functional 
resistance of cultured epithelial cells (81). In addition, glycosaminoglycans were found to be func-
tional components of the human milk glycome, due to the demonstrated inhibition of HIV binding 
with its cognate receptor CD4. More specific cell interactions of human oligosaccharides with the 
immune system in particular DC-Sign has been studied by v Kooyk et al. (82) Because C-type lectins 
are vital in immune modulation and in maintaining a balanced immune response. 

Human milk prevents the interaction of specific pathogens like Salmonella, Shigella, Vibriochol-
erae, Escherichiacoli, polioviruses, rotavirus, and respiratory syncytial virus (RSV) (83, 84). Through 
Lewis X interaction with DC-SIGN the glycosylated protein MUC1 abundantly present in human 
milk was observed to interact with DC-SIGN on dendritic cells (DCs) via Lewis X, but not Lewis 
moieties. Moreover it was specifically demonstrated that fucosylated milk components and in par-
ticular MUC1 interacted with DC-SIGN and was shown to inhibit DC-mediated transfer of HIV-1 
(85, 86). Other human milk proteins have demonstrated potent protective effects through a diversity of 
mechanisms including soluble CD14, bile-salt-stimulated lipase (BSSL), lsyozyme, lactoferrin and 
of course pathogen specific immunoglobulin’s, as reviewed (15). Although these milk proteins may 
exert their protective effect individually, synergistic interactions with specific oligosaccharide moi-
eties are more likely to occur. The interaction between MUC1 and DC- SIGN is seen as a significant 
mechanism in the protective capacity of human milk. In particular, 2-linkedfucoses seemed likely 
candidate for the interaction. As earlier extensive glycan analysis on MUC1 derived from human 
milk reveals the presence of terminal fucoses which are not present in bovine milk, confirming the 
data that bovine milk does not bind DC-SIGN.

Interestingly the HMOS composition is different in HIV-infected women vs non-infected control 
women. Specifically the level of non-fucosylated HMOS (including LNT and 3’SL) have been 
found in higher concentrations in breast milk from HIV-infected women and was suggested to be 
correlated to their CD4 count. This correlates to the immunological changes observed in a study 
where HAART-naive HIV-infected adults received specific prebiotic oligosaccharides (87). As dis-
cussed, the HMOS composition is highly variable in time and between individuals, determined in 
part by genetic characteristics like the Lewis and secretor status blood groups. i.e. preterm milk 
differs from term milk (88) and geographic variation is of influence. In addition, an interesting associ-
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ation of HMOS composition and the mortality rates by the age of 2 in children born to HIV-infected 
mothers has been suggested. Although the effect cannot be associated to the level of specific HMOS 
directly there are reports suggesting an association between higher HMOS levels and the reduced 
risk of postnatal HIV transmission through breastfeeding (89-91). 

HMOS-induced interplay between gut microbiota, gut permeability, and immune 
responses 
The concept that indigenous gut microbiota play a crucial role in the health and disease of the host 
may be particularly true in the early life of an individual, because their interaction with mucosal 
immune system as well as intestinal mucosal barrier in infancy may have life-long effects. As re-
viewed above, complete HMOS or specific human milk oligosaccharides are able to beneficially 
regulate gut microbiota composition, maintain gut integrity, and most importantly, enhance mucosal 
immunity. Therefore, it is suggested that HMOS may have a positive impact on different diseases 
through multiple pathways. These pathways include but may not be limited to the pathogen decoy 
capacity of specific HMOS, the prebiotic effect on the microbiome composition (92), the modulation 
of the SCFA production which in turn supports the barrier integrity and or through direct immune 
modulatory functions (93). However, further studies are needed to support either one of the working 
mechanisms.

Oligosaccharides in infant formula
Within the human gastrointestinal tract the complex microbial ecosystem plays an essential role 
through its contributions to nutrient synthesis and digestion, protection from pathogens, promoting 
maturation of innate and adaptive immune system. Disrupted microbiota development through the 
use of antibiotics in early life has been shown to have and critical impact for immune development. 
Antibiotic use predisposes to the development of allergic diseases. Within the Avon Longitudinal 
Study of Parents and Children (ALSPAC study) cohort it was found that antibiotic use in the first 2 
yr of life were more likely to have asthma at the age of 7.5 yr, even increasing with greater numbers 
of courses (94). In addition however this did not appear to be mediated through an association with 
atopic disease. Microbiome development and the role of HMOS are nicely reviewed (95). Specific in-
dividual HMOS are differentially digested by specific bacterial species including bifidobacteria and 
Bacteroides. The major fucosylated milk oligosaccharides have a strong driving factor in the devel-
opment of the microbiome. Providing protection through human milk specific oligosaccharides can 
be generated directly through the occupation of pathogen specific mucosal receptors, limiting the 
first step of pathogen invasion. In addition, the oligosaccharides serve as substrate for the generation 
of SCFAs and lactate by the microbiome. Fermentation products on its own can inhibit pathogens, 
but are also strong immune modulators, stimulating the mucosal immunity (96). 

The plant derived oligosaccharides that are currently in infant formula are known to stimulate the 
growth of health beneficial microbes (therefore called prebiotics) but are structurally different from 
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those in human milk. Examples of plant-derived oligosaccharides are inulin, fructo-oligosaccha-
rides (lcFOS) and galacto-oligosaccharides (scGOS) and pectin derived acidic oligosaccharides, 
share characteristics with human oligosaccharides. Both clinical studies and experimental animal 
models have shown that specific mixtures of these prebiotics may impact the immune response to 
infections. Early in life the addition of a specific prebiotic mixture to the infant formula (scGOS and 
lcFOS; 9:1 ratio) has been shown to reduce the number of infections (59, 97). Moreover, the protective 
effect against infections was still evident at the age of 2 years (98), suggesting a longer-term effect of 
the specific mixture of prebiotics, even beyond the intervention period. Recently it was shown that 
the SCFA, butyrate (produced by commensal microorganisms) as well as propionate (another SCFA 
of microbial origin capable of histone deacetylase (HDAC) inhibition) induced the generation of 
regulatory T cells. This suggests that these bacterial metabolites mediate communication between 
the commensal microbiota and the immune system (99). Dietary non-digestible oligosaccharides can 
influence the function of Tregs using both vaccination and allergy models (55, 100, 101). Although these 
plant-derived oligosaccharides have clinical proven immunological benefits and recommended by 
WAO for use in not-exclusively breastfed infants, they are still limited compared to the benefits pro-
vided by human milk and the complexity of the oligosaccharide structures found herein, consisting 
of short and long chain HMOS (102).

CONCLUSION

The understanding of the whole complexity of HMOS beyond single compounds and their immu-
nological benefits in the development of infant’s immune system will provide new insights and 
possibly opportunities to support optimal development of the immune system and thereby lower the 
risk of inflammatory and infectious diseases. 
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ABSTRACT

Type 1 diabetes (T1D) is an immune-mediated disease with a strong genetic basis but might be in-
fluenced by non-genetic factors such as microbiome development that “programs” the immune sys-
tem during early life as well. Factors influencing pathogenesis, including a leaky intestinal mucosal 
barrier, an aberrant gut microbiota composition, and altered immune responsiveness, offer potential 
targets for prevention and/or treatment of T1D through nutritional or pharmacologic means. In this 
review, nutritional approaches during early life in order to protect against T1D development have 
been discussed. The critical role of tolerogenic dendritic cells (tDCs) in central and peripheral tol-
erance has been emphasized. 
In addition, since the gut microbiota affects the development of T1D through short chain fatty acids 
(SCFA) -dependent mechanisms, we hypothesize that nutritional intervention boosting SCFA pro-
duction may be used as a novel prevention strategy. Current retrospective evidence has suggested 
that exclusive and prolonged breastfeeding might play a protective role against the development of 
T1D. The beneficial properties of human milk are possibly attributed to its bioactive components 
such as unique immune modulatory components human milk oligosaccharides (HMOS) and metab-
olites derived thereof including, for example SCFAs. These components might play a key role in 
healthy immune development and creating a fit and resilient immune system in early and later life. 

Key words
Type 1 diabetes, Gut microbiota, Mucosal immunity, Tolerogenic dendritic cells, Short chain fatty 
acids, Human milk oligosaccharides, Nutrition
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INTRODUCTION

Type 1 diabetes (T1D) is one of the most common autoimmune diseases which develop during 
infancy and results in T-cell-mediated destruction of b-cells within the pancreas in especially ge-
netically susceptible individuals (1). T1D incidence is rising significantly (relative annual increase 
in incidence is estimated to be 1.8%) according to the most recent multicenter observational study 

(2). Because genetic manifestation is constant, environmental factors such as infections, intestinal 
microbiota, vaccines, hygiene and dietary factors (e.g. breastfeeding, cow’s milk, solid food and 
cereals, vitamin D3) have been suggested to influence the development of T1D in genetically pre-
disposed populations (3). Therefore, it is important to understand the role of these environmental 
factors with the aim to find new possibilities to reduce the increase in incidence and finally prevent 
or delay the development of T1D. In this review, the potential role of human milk has been eval-
uated and possible new strategies using bioactive components from human milk to prevent T1D 
development discussed.

The involvement of mucosal immunity (including microbial composition, intestinal lining and mu-
cosal immune cells) has been emphasized in the etiology of T1D (4). This is shown by the immuno-
logical link between the Gastrointestinal-tract (GI-Tract) and the pancreas (i.e. T-cells activated in 
the intestine can migrate into the pancreatic islets (5)), highlighting the GI-Tract as a potential target 
for intervention. Therefore, it is plausible that a strategy which induces an optimal establishment of 
the intestinal microbiota and ensuing proper immune maturation early in life might be essential for 
protection against T1D development (6). 

One of the first factors in life establishing a stable mucosal immune development is human milk. In 
the postnatal developing gut, human milk is thought to suppress inflammatory processes and reduce 
the risk to develop multiple immune-mediated diseases such as autoimmune diabetes, allergic dis-
eases and infectious diseases (7,8). Furthermore, human milk contains multiple functional compounds 
with immunological properties, including but not limited to Human Milk Oligosaccharides (HMOS) 

(9). After consumption of non-digested fibers such as HMOS the production of Short Chain Fatty Ac-
ids (SCFAs) is increased. Interestingly, specific SCFAs have recently been demonstrated to protect 
against T1D within murine diabetes models (10). The complex mixture of glycans within human milk 
are known to have specific prebiotic, anti-adhesive, anti-microbial and immune modulatory prop-
erties (11). They are abundantly present in human milk and are believed to contribute to the health 
benefits of human milk. However, so far little is known about their potential to protect against T1D. 
In this review, dietary interventions with SCFAs and HMOS have been discussed as examples of 
environmental factor induced-complex interplay between intestinal microbiota, intestinal barrier 
function and immunity in the development of T1D.
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PATHOGENESIS OF TYPE 1 DIABETES

Molecular Pathogenic Mechanisms of T1D
T1D is an autoimmune disorder that involves several components of the immune system negatively 
interacting with pancreatic islets. Initially β-cell proteins (e.g., insulin, Glutamic Acid Decarbox-
ylase (GDA), and protein tyrosine phosphatase (IA2 or ICA512)) are exposed for instance due 
to viral infection on the islet, to the immune system. Antigen-presenting cells (APC) especially 
dendritic cells (DCs), process and present autoantigens to naïve CD4+T cells (Th0). Presentation 
through major histocompatibility complex class II (MHC-II) molecules and co-stimulatory mole-
cules, leads to activation of auto reactive CD4+ T cells. Cross-presentation of processed auto-anti-
gens through MHC-I stimulate CD8+ T cells activation. At the same time, auto reactive DCs secrete 
pro-inflammatory cytokines such as IL-12 and IL-6 which stimulate the naïve Th0 cells to convert 
to autoreactive Th1 and Th17 cells after processing the auto-antigen. Expanded autoreactive CD4+ 
T cells secrete inflammatory cytokines such as IFN-γ, IL-2, and IL-17 which may in turn trigger 
cytotoxic lymphocytes (CTL) to stimulate pancreatic islet inflammation (insulitis) and/or directly 
kill pancreatic islet β-cells, all these processes together contribute to T1D onset and progression 
(depicted in Figure 1). 

In the past decade, the critical role of CD4+CD25+ regulatory T cells (Tregs) deficiency in the 
pathogenesis of autoimmunity has been emphasized. Tregs seem to bridge the central and periph-
eral processes: central tolerance to auto-antigens involve clonal depletion of autoreactive T cells 
in the thymus during development; in case of incomplete deletion or escaping central tolerance 
through for example post-translational modification mechanisms, which contributes to generation 
of novel autoantigens such as modified pre-pro-insulin. While the deletion of autoreactive T cells 
within the thymus and the induction of anergy in the periphery represent major mechanisms in the 
maintenance of immune fitness, Tregs are thought be an additional mechanism to avert autoimmu-
nity. Tregs are widely demonstrated to be capable of suppressing proliferation and inflammatory 
cytokine production of autoreactive CD4+ and CD8+ T cells thus are pivotal for the maintenance 
of peripheral tolerance. In T1D patients, deficiency in suppressor function, but not frequency of 
Tregs, has been shown to contribute to the loss of tolerance to beta-cell antigens (12). Therefore, a 
therapeutic approach inducing and expanding Tregs involved in autoimmune regulation may restore 
tolerance in diabetes patients. 
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FIGURE 1| Molecular pathogenic mechanisms of T1D. 

The autoimmune process of T1D includes: (1) secretion of autoantibodies against islet proteins such as insulin and GAD by 

autoreactive B cells, which are viewed as markers but have not been assigned a direct pathogenic role on the development of 

diabetes; (2) autoantigens capture and (cross-)-present to naïve CD4+ and CD8+ T cells by autoreactive APC through including 

macrophages, DCs, and B cells two signals namely presentation of autoantigens in MHC-peptide and activating co-stimulatory 

molecules, leading to induction of autoreactive helper CD4+ T cells, and cytotoxic CD8+ T cells; (3) production of (pro-)in-

flammatory cytokines by DCs that stimulate Th0 to convert into Th1 and Th17 cells; (4) secretion of inflammatory cytokines by 

Th1 and Th17 cells trigger CD8+ T cells to secret cytotoxic granzyme, perforin, nitric acid, peroxide, and other inflammatory 

cytokines. In this way, CD4+ T cells and CD8+ T cells act synergistically to kill islet β-cell in conjunction with β-cell autoanti-

gens and MHC class I and class II antigens, resulting in the onset of autoimmune diabetes.

A disrupted immune homeostasis can cause prolonged inflammation or immune activation as a con-
sequence of the intense interplay between the outside world (including food antigens, commensal 
and pathogenic microbes) and the mucosal immune system (6). Many recent discoveries associate 
T1D development with an abnormal deregulated intestinal immune system implying 1) an altered 
gut microbiota composition, 2) loss of intestinal integrity, referred to as “leaky gut” and 3) an 
altered mucosal immunity. This section will focus on the involvement of these three facets in the 
development of T1D.

Altered Gut Microbiota Composition in T1D
Given the intimate interplay between the microbial community at different bodily sites, such as 
the oral cavity, gut, skin, lung and immune system, it is not surprising that some members of the 
commensal microbiota have been linked to the increasing development of autoimmune diseases. 
The first evidence within T1D arrived from studies in Bio Breeding Diabetes Prone (BB-DP) rats 
and Non-obese diabetic (NOD) mice, where the administration of antibiotics decreased incidence 
of T1D (13,14). Moreover, specific-pathogen free (SPF) NOD mice lacking MyD88, an adaptor protein 
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for innate immune Toll Like Receptors (TLRs) that recognize microbial stimuli, were protected 
from T1D and showed a different microbial composition compared to the wild-type controls. In 
contrast, germ-free (GF) NOD mice lacking the MyD88 protein robustly developed T1D (15). Data 
from this study provide the first clear interactions between the intestinal microbiota and the innate 
immune system. All together, these results suggest the critical role the gut microbiota play in the 
development of T1D.

Thanks to developments in next generation sequencing technologies, detailed studies on the role of 
specific (gut) microbiota composition in development of autoimmune disease are more accessible. 
Indeed, various studies have demonstrated that specific (combinations of) bacteria groups are cor-
related with T1D disease development. First of all, though non-diabetic children are able to build 
a healthy and stable microbiome, the microbiomes of diabetic children are less diverse and more 
unstable in nature (16). It is believed that gut microbiota with limited diversity may reduce the ca-
pacity to digest a diverse diet, resulting in reduced energy intake in affected individuals. Secondly, 
the ratio of Bacteroidetes to Firmicutes seems to be a hall-mark within T1D. Within small obser-
vational studies (like the Finish cohort analysis), the microbiome showed a decline in Firmicutes 
and increase in Bacteroidetes over time as these children became autoimmune, while the opposite 
was seen within age and gender matched healthy controls (16). In addition, it is believed that butyr-
ate-producing bacteria and mucin-degraders play a protective role in T1D. A metagenomic analy-
ses of fecal samples showed that many of the bacterial genera significantly less abundant in T1D 
compared to controls, are the butyrate producers such as Faecalibacterium and Subdoligranulum, 
and mucin-degraders such as Prevotella and Akkermansia. In contrast, producers of other SCFAs, 
such as Bacteroides, Veillonella and Alistipes were more abundant within diabetic individuals (17). 
Consistent with results of these previous studies, a more recent study conducted in a Spanish cohort 
of children diagnosed with T1D and healthy controls also showed an increase in Bacteroidetes and 
a decrease in Firmicutes. Furthermore, authors from this study found a negative correlation between 
the number of Bifidobacterium and Lactobacillus and the plasma glucose level while the number of 
Clostridium was positively correlated with the plasma glucose level in the diabetes group (18). Al-
though the outcomes of both small studies show some discrepancy, the results illustrate interesting 
observations regarding changes within microbiome composition. More studies with bigger cohorts 
are needed to validate the impact of environmental influences on the altered T1D microbiome. Pos-
sible mechanisms that can explain the inter-relationship between specific bacterial genotypes with 
a healthy infant and an infant with T1D are discussed below.

Collectively, data from these published studies suggest that low diversity and reduced stability of 
gut microbiota, increased ratio of Bacteroidetes versus Firmicutes and a low abundance of butyr-
ate-producing bacteria are somehow associated with β-cell autoimmunity and T1D development. 
The alterations in gut microbiota composition could lead to aberrancies in the intestinal mucosal 
immune system, such as increased gut permeability, small intestinal inflammation, and loss of toler-
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ance to food antigens, all of which are associated with the development of T1D.

Leaky Gut in T1D
The intestinal epithelial cells form a permeable luminal lining of the GI-tract and are important in 
the absorption of nutrients and the protection against harmful substances. Tight-junctions (TJ) are 
proteins of the intestinal epithelium regulating barrier integrity. The TJ-complexes, formed between 
the apical and basolateral sites of the epithelial cells, are primarily composed of the Claudin and 
Occludin protein family (19). Increased intestinal permeability can lead to increased para-cellular 
transport of harmful substances contributing to intestinal inflammation, as well as activation of the 
diabetogenic CD8+ T cells, which in turn lead to progression of insulitis. This notion is supported 
by evidence from both experimental animal models and human studies. In BB rats, an increased gut 
permeability was observed in early onset of T1D (20). The increased gut permeability in BB rats was 
associated with structural changes in intestinal morphology and decreased expression of TJ proteins 
Claudin-1 and Occludin (20). In addition, increased gut permeability was observed before the onset 
of T1D in NOD mice as well (18). Moreover, infection of the intestinal epithelium with C. rodentum 
in 4-week old NOD mice (leading to interrupted intestinal barrier) stimulated the development of 
T1D. After administration, C. rodentum was localized in the mesenteric lymph nodes (MLN) and in 
the pancreatic lymph nodes (PLN) of the infected mice. Moreover, proliferation of CD8+ cells and 
activation of polyclonal T-cells was observed in the PLN. Collectively, these results from animal 
studies suggest that intestinal permeability plays a pathogenic role in the onset and development of 
T1D and intestinal infection caused loss of barrier function may contribute to a loss of pancreatic 
islets b-cells and insulitis in animal models (21). In humans, several studies demonstrate that the in-
testinal permeability is increased in people predisposed or already diagnosed with T1D established 
by sugar permeability tests (22,23). 

Additionally, alterations in gut microbiota composition might contribute to gut permeability chang-
es in T1D as well. As described in the previous paragraph, children prone to develop or diagnosed 
with T1D show a decrease in butyrate producing bacteria (17). Butyrate plays a role in the mainte-
nance of gut integrity through the induction of mucin synthesis and increased TJ production (17,24). In 
contrast, bacterial genera that produce other SCFAs, such as acetate, propionate and succinate, are 
increased in T1D patients. However, these SCFAs do not induce mucin synthesis and TJ production 
(24,25). This information shows the complex interplay between the different factors and the impor-
tance to tackle all of them in the treatment or prevention of T1D. 

Altered Intestinal Immunity in T1D
The interaction of microbiota with the innate immune system provides signals to promote the mat-
uration of immune cells and the normal development of immune functions, i.e. immune fitness (26). 
Antigen presenting DCs, resident in the lamina propria (LP), sample luminal antigens and present 
them to T-cells. This function of DCs is essential in developing the sensitive balance between im-
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mune activation and tolerance (27). In the case of T1D, it is the loss of tolerance to self that leads to 
autoimmunity (28). In relation to the importance of a balanced host microbe interaction, the mucosal 
immune system may be skewed towards immune activation. Indeed, this has been shown from 
small intestinal biopsies of the intestines from children with T1D which were analyzed for level 
of immune activation. Children with T1D show enhanced expression of HLA-II molecules, in-
creased expression of ICAM-1 on epithelial cells, and a4b7-integrin on cells of the LP. In addition, 
increased numbers of IL-4, IL-1a and IFN-g expressing immune cells were reported, suggesting 
overall increased mucosal immune activation (29). As discussed above, deficiency of Tregs con-
tributes to the molecular mechanism of T1D. It was demonstrated that the number of Forkhead 
box protein 3 (Foxp3) positive Tregs, was low and did not show activation of FoxP3 transcripts in 
small intestinal biopsies from children with T1D, supporting a defect in the intestine within this 
regulatory mechanism (30). Another study confirmed the absence of active FoxP3+ Tregs in the small 
intestine and demonstrated that LP-derived DCs of T1D patients were not even capable of inducing 
FoxP3+ Tregs in vitro possibly leading to an over-activated mucosal immunity within T1D (31). In 
correlation, it has been reported that children with T1D have an increased number of activated IL-
17 secreting CD8+ and CD4+ T-cells, likely due to lack of suppressive mechanisms (32). Moreover, 
neutralizing this pro-inflammatory IL-17 has been associated with a reduced insulitis score in the 
effector phase of disease development in NOD mice, suggesting a role for this cytokine and immune 
activation within pathogenesis of T1D (33).

These findings support the hypothesis that abnormal activation of the mucosal immune system is 
involved in the pathogenesis of T1D. Knowing the three important components for the pathogenesis 
of T1D, it seems plausible that intervention with nutritional or pharmacologic means targeted to 
maintain a non-diabetogenic microbiota composition, properly regulate the intra-epithelia TJ, as 
well as prevent excessive mucosal inflammation and rebalance autoimmune responses represents a 
clear potential for the prevention and treatment of T1D.

THE IMPORTANCE OF TDCS IN THE DEVELOPMENT
OF AUTOIMMUNITY

The GI-tract is comprised of a huge amount of immune cells to achieve a state of immune homeo-
stasis and tolerance i.e. immune fitness. Particularly, being the ultimate gatekeepers of the immune 
responses, DCs play a critical role in controlling effector and regulatory mechanisms relevant to the 
pathology of autoimmune diseases. Immature DCs residing in the peripheral tissues induce anergy 
and secretion of immunomodulatory cytokines to maintain tolerogenicity and avoid destructive T 
cell auto-reactivity. On the other hand, these DCs mature upon sensing various danger signals such 
as autoantigens and may stimulate conversion of autoreactive T cells from naïve T cells thus losing 
their regulatory competences. Therefore, adoption of tolerogenic phenotype of DCs is important 
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for the induction of immunogenic tolerance. Recent reviews have suggested that the induction of 
a tolerogenic phenotype of DCs, provides a novel antigen-specific strategy for the prevention and 
treatment of autoimmunity (34–36). 

tDCs Mechanisms of Action
DCs play a key role in both central and peripheral tolerance mechanisms. During central tolerance, 
iDCs promote immune tolerance by negatively selecting autoreactive T-cells in the thymus. Periph-
erally, tDCs function through the induction and stimulation of antigen-specific Tregs. As depicted in 
Figure 2, iDCs or semi-mature DCs adopt tolerogenic phenotype by being incubated with, or differ-
entiated in the presence of various tolerogenic factors (listed in Figure 2). When these induced tDCs 
are pulsed with autoantigens such as insulin in the context of autoimmune diabetes, and upon cog-
nate interaction with naïve T cells or effector T cells, they present their processed autoantigen pep-
tides to the T cells and instruct and stimulate antigen-specific Tregs. At the same time, tDCs induce 
tolerance in a contact-independent manner by secreting cytokines such as TGF-β. Subsequently, 
those induced Tregs (iTreg) through infectious tolerance mechanisms can transfer their tolerogenic 
potencies to pro-inflammatory DCs by stimulating the expression of regulatory receptors (37), as well 
as to another T cell population with a different antigen specificity (38), thus contributing to reinforced 
tolerance against specific autoantigens. Finally, tDCs are equipped with suitable migration ability 
which may allow them to elicit local inhibitory effects in the inflamed pancreas. 

Maturation Status, Tolerogenic Phenotypes, and Migration Capacity of tDCs
It has been suggested that the regulatory function of DCs is determined by their activation status as 
well as the cytokine microenvironment. Multiple studies show that DCs have regulatory properties 
in their immature state (39,40). However, increasing evidence indicate that under adequate conditions 
fully matured DCs can induce tolerance as well (41,42). This suggests that also other, more complex, 
factors such as DC lineage, cell surface antigens and cytokine milieu determine whether DCs can 
elicit tolerogenic activity and support the differentiation of Tregs. Both programmed death ligand 
1 (PD-L1) and membrane bound TNF (mTNF) play an important role in this process (43,44). PD-L1 
expressed on tDCs may shut down autoreactive T cells in the periphery through inducing Tregs. On 
DCs modulated by Vitamin D3, PD-L1 has been shown to be crucial for the acquisition of Tregs 
function by CD4+ T cells, and blockage of PD-L1-PD1 signaling during T-cell priming results in the 
generation of Th1 incapable of suppressing T-cell proliferation and producing IL-10 (43). Besides, it 
has been suggested that PD-L1 expressed particularly in the islet is involved in inducing apoptosis 
of effector T cells (CTL and Th1) (45). mTNF also been shown to be essential for the induction of an-
tigen specific Tregs by Vitamin D3 modulated DCs (44), and blockage of mTNF-TNFRII interaction 
during Treg induction abrogated their suppressive function. Similarly, the binding of CD80/CD86 
with CTLA-4 on T-cells but not CD28 forces Treg differentiation(46).

Different subsets of DCs have specific tolerogenic properties in certain tissue specific LNs. A pop-
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ulation of intestinal DCs expressing the surface antigen CD103 has been shown to be crucial in 
inducing tolerance to commensal bacteria and other (e.g., food) antigens. Gut associated-DCs in-
clude those in the lamina propria (LP) of the intestine and the gut-associated lymphoid tissue, 
which includes the isolated lymphoid follicles, the Peyer’s patches (PP), and the MLN. Almost all 
the LP-DCs and a subset of MLN DCs express CD103. These CD103+ DCs are crucial for the gut 
homeostasis through different mechanisms. Under steady-state conditions, they induce tolerance 
through production of different suppressive cytokines or beneficial dietary metabolites when facing 
discriminating challenge of pathogens. CD103+ DCs, but not CD103- DCs in the intestinal LP 
promote the differentiation of FoxP3+ Tregs in a TGF-b- and retinoic acid (RA)-dependent manner 
(47,48). Consistently, CD103+ DCs in the intestinal MLN were shown to induce the development of 
FoxP3+ Tregs through the same mechanism (49). These findings together suggest induction of intes-
tinal CD103+ DCs as a potent strategy for the prevention or treatment for autoimmune diabetes. 
Surprisingly, the presence of CD103+ DCs in the PLN play a detrimental role for the development 
of autoimmune diabetes in the NOD. Batf3−/− mouse model (50). In contrast, another subset of DCs 
existing in pancreatic LN, namely the CD11c+ CD11b+ DCs, has been demonstrated to have a 
tolerogenic role in autoimmune diabetes (51). Transfer of these CD11c+ CD11b+ DCs that express 
low levels of CD40, MHC-II, CD80/86 suppressed the onset of autoimmune diabetes in an in vivo 
NOD mouse model in a CCL2/CCR2 signaling-dependent manner (51), suggesting that induction of 
this type of DC in specific tissue LNs namely pancreatic LNs has potential for the protection against 
T cell-mediated autoimmune destruction of pancreatic islets. Furthermore, this subset of DCs has 
also been shown to play a major role in intravenous tolerance and the suppression of experimental 
autoimmune encephalomyelitis (52). Finally, the expression of suitable migration markers such as 
CCR7, induced by tolerogenic factors such as vitamin D3 or dexamethasone (43), may enable tDCs 
to migrate to lymphoid organs, where conversion of naive T cells into antigen-specific Tregs will 
occur, while CXCR3 expression may facilitate migration to the inflamed or destructive lesion in the 
pancreas to counteract autoreactive T cells. 

Cytokine Profiles induced by tDCs and Autoimmunity
Next to the inhibitory surface markers, proper polarizing mediators (e.g., higher levels of IL-10, 
IL-27, TGF-β, RA, IDO, lower levels of IL-6 and IL-12) produced by tDCs activated by count-
er-signaling from engaged T cells also contribute to Tregs instruction. IL-10 is an anti-inflammatory 
cytokine acting on both iDCs and (regulatory) T-cells (53). Maturation of DCs in the presence of IL-
10 has been shown to reduce the expression of surface markers such as CD83 and increase the ex-
pression of inhibitory receptors such as PD-L1 (35,36). Particularly, IL-10 may drive differentiation of 
IL-10-producing type-1 regulatory T cells (Tr1) but not FoxP3 positive CD4+CD25+Treg cells. (54). 
Next to IL-10, IL-27 signaling in DCs has been shown to limit the differentiation of effector T-cells 
and the development of EAE, but promote FoxP3+ Tregs and Tr1 expansion (55). RA produced by 
tDCs has also been shown to promote Tregs and control Th17 cells differentiation (47,56). In the pres-
ence of MLN CD103+DCs, TGF-β has the ability to enhance the conversion of naïve T cells into 
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FoxP3+ Tregs, interestingly, RA is suggested to be essential for Tregs generation (49). tDCs induced 
by dexamethasone and vitamin D3 have been shown to inhibit the destructive immune response in 
a rheumatoid arthritis mouse model, and expression of TGF-β1 was significantly higher in these 
tDCs than mature DCs (57). Importantly, by inhibiting TGF-β1 signaling these tDCs seems to regu-
late CD4+ T cells from rheumatoid arthritis patients in a TGF-β1-dependent manner. Interestingly, 
both IL-10 and IL-27 have a role in promoting tDCs development (53,55). Other factors including 
SCFAs (58), synthetic non-digestible oligosaccharides (59), vitamin D3, corticosteroids, rapamycin, 
dexamethasone, and neuropeptides (summarized in a recent review (60)), have been shown to induce 
tDCs. These possibilities of generating tDCs open new therapeutic and maybe even preventive per-
spectives in autoimmune diseases and therefore also in T1D development.

FIGURE 2| Induction of autoantigen specific tolerance by tDCs and mechanism of action. 

(1) Tolerogenic factors such as SCFAs, non-digestible oligosaccharides, microbiota, IL-10, Vitamin D3, Retinoic acid, Dexametha-

sone induce a tolerogenic phenotype of DCs with shared features include resistance of maturation, lowered levels of co-stimulatory 

markers (e.g. CD40, CD80, CD83, CD86), elevated levels of PD-L1 (PD-L1-PD1 signaling induces apoptosis of effector Th1 and 

CTL, and is crucial for acquisition of Treg function) and membrane bound TNF, induction of anti-inflammatory cytokine profiles 

(low IL-12 and IL-6, IL-10, IL-27 and TGF-β), and increased expression of migration markers such as CXCR3 and CCR7 that allows 

for migration to the lymphoid organs and inflammatory lesion in the pancreas producing CXCL10; (2) when these tDCs are pulsed 

with autoantigens and exposed to cognate naïve or effector T cells, they present processed autoantigens to the T cells to induce Tregs; 

(3) Natural or induced Tregs suppress the activation of autoreactive Th1/Th17 and cytotoxic CD8+ T cells in a cell contact–depen-
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dent manner. (4) In addition, inhibitory mediators such as TGF-β produced by the induced secondary T suppressor cells (Thsup) 

inhibit the activation of T effector cells, and (5) convert the tissue-resident dendritic cells to tDCs through an ‘infectious tolerance’ 

mechanism, thereby reinforcing the tolerogenic phenotype. This secondary systemic suppressive effect is cell contact independent. 

(6) These 5 mechanisms mediated by tDCs together contribute to the desired endpoint namely a healthy pancreas.

Short Chain Fatty Acids May Protect Against T1D
SCFAs are bacterial metabolites produced in the colon after bacterial fermentation of non-digestible 
dietary carbohydrates, including HMOS. SCFAs, mainly acetate, propionate and butyrate, are known 
to form a communication link between the microbiota and the immune system by several means, 
including modulation of gut integrity (mostly through influencing the intestinal epithelial cells) (20), 
development of DCs and Tregs, induction of (anti)-inflammatory effects through signalling pathways 
such as activating G-protein coupled receptors (GPCRs), inhibiting histone deacetylase (HDAC), 
stimulation of histone acetyl transferase (HAT) activity, and stabilizing hypoxia inducible factor (HIF) 
(61,62). Moreover, SCFAs can directly shape the pancreatic immune environment and autoimmune dia-
betes development (63). Evidence showing the direct protective effects of SCFAs against T1D (from in 
vitro as well as from animal models) and proposed mechanisms are reviewed in this section. 

SCFAs Maintain Gut Integrity 
As mentioned before, a damaged mucosal integrity in the setting of T1D would allow for greater 
exposure of the intestinal immune system to antigens, which trigger the onset of T1D. This suggests 
that modulators of tight junctions may play a role in modulation of ‘intestinal leakiness’. The pres-
ence of luminal SCFAs, mainly butyrate, have been shown to be crucial in regulating the epithelial 
barrier function. Butyrate induces mucin synthesis (whereas propionate and acetate do not (17,25)), 
decreases bacterial transport across metabolically stressed epithelia and improves the intestinal 
barrier by increasing tight junction assembly (17). Mucin is well known as a glycoprotein produced 
by the host that is believed to contribute to gut integrity (17,24). In addition, butyrate enhances the 
barrier function by regulating the assembly of the tight junction molecules ZO-1 and Occludin via 
the activation of AMPK (64). HIF is a transcription factor directly involved in maintaining gut integ-
rity by regulating the production of antimicrobial peptides and epithelial tight junctions. Recently, 
it has been demonstrated that SCFAs indirectly stabilize HIF in intestinal epithelial cells (62). These 
findings support that microbial-induced butyrate production, and subsequent mucin synthesis, with 
a corresponding enhancement of TJ may contribute to the development of autoimmunity for T1D. 

SCFAs Modulate Innate and Adaptive Immunity
Next to the effects of SCFAs on maintaining gut integrity, several studies have shown that SCFAs 
play a pivotal role in promoting (mucosal) immune homeostasis and health via their direct im-
mune-modulatory effects on immune cells such as (intestinal) DCs and intestinal epithelial cells. In 
vitro, butyrate and propionate, but not acetate, have been shown to directly induce a semi-mature 
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phenotype and an anti-inflammatory gene expression profile on human monocyte-derived DCs after 
24h incubation. Consistently, both butyrate and propionate significantly reduced pro-inflammatory 
cytokine IL-6 and suppressed LPS-induced IL12p40 production (65). This suggests that both butyrate 
and propionate are promising in maintaining immune homeostasis by reducing the pro-inflammato-
ry Th1 and Th17 phenotypes. 

Another in vitro study demonstrated that DCs stimulated with butyrate induced the expression of the 
immunosuppressive enzyme indoleamine 2,3-dioxygenase 1 and aldehyde dehydrogenase 1A2 (66). 
The SCFA-dependent induction of indoleamine 2,3-dioxygenase 1 potentiates the ability of DCs to 
convert naïve T cells into FoxP3+ Tregs and consequent ability to suppress naïve T cells into IFN-γ+ 
T cells and/or Th17 cells. Moreover, the plasma membrane transporter SLC5A8 which is a high-af-
finity transporter for SCFAs, seems obligatory for the tolerogenic phenotype of DCs. These findings 
have implications for the role of SCFA in autoimmune disease development. As discussed above, 
intestinal DCs (particularly MLN DCs) expressing CD103 play an important role for the mainte-
nance of mucosal homeostasis therefore may be an important target for the intervention of T1D (49). 
SCFAs derived from fiber enriched diets have been shown by recent study to induce CD103+ tDCs in 
MLN through promoting RA production of intestinal epithelial cells, promoting the differentiation of 
FoxP3+ Tregs from naïve T cells (58). Interestingly, it has been shown that addition of SCFAs in the 
drinking water directly increased the number of FoxP3+ Tregs and IL-10+ FoxP3+ Tregs in the colon 
of SPF mice, this effect has been suggested to be dependent on GPCR43 activation by SCFAs (67). 
In T1D, inflammation contributes to the early induction and amplification of the immune response 
against pancreatic β-cells and, at later stages, to the stabilization and maintenance of insulitis (68). 
Inflammatory mediators such as cytokines and chemokines probably contribute to the suppression 
of β-cell function and subsequent apoptosis; they may also inhibit or stimulate β-cell regeneration 
and might cause peripheral insulin resistance (68). SCFAs have long been known for their anti-in-
flammatory properties, and this strong effect has been suggested to be dependent on their activation 
of receptors GPCR41, GPCR43 and GPCR109a, which are required for the normal resolution of 
inflammation, and/or via inhibiting HDACs. The anti-inflammatory role of SCFAs has been well 
described in different inflammation contexts such as allergic inflammation (69) colitis (Summarized in 

(67)), and autoimmune diabetes (63). For example, in vitro butyrate generates an enhanced production of 
mRNA for anti-inflammatory IL-18 after culturing in the colonic epithelial cells from neonatal mice; 
yet colonic epithelial cells from GPCR109a knockout mice failed to have this upregulating response 
(70). In addition involvement of GPCR41 and GPCR43 in the observed anti-inflammatory activity has 
been suggested (71). These findings together suggest that via dampening inflammation, SCFAs may be 
efficacious in the prevention or treatment of inflammatory diseases such as T1D.

Molecular Mechanisms Involved in The Beneficial Effects of SCFAs
SCFAs maintain the gut integrity via two major actions namely enhancement of the assembly of 
tight junctions and promotion of mucin production by intestinal epithelial cells such as goblet cells. 
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In a Caco-2 cell model, butyrate has been shown to enhance the intestinal barrier by regulating the 
assembly of tight junctions via activation of AMP-activated protein kinase (64). Correspondingly, in 
female NOD mice, diet that yielded a large amount of butyrate significantly increased the expres-
sion of the TJ-associated protein occludin in the colon (72). Mucins are required for the maintenance 
of an adequate mucus layer that covers the intestinal epithelium and thereby forms a physical barrier 
that protects the intestinal epithelium from exposure to antigens. Supplementation of physiological 
concentrations of butyrate has been shown to increase MUC2 gene expression and MUC2 secretion 
in both human healthy goblet cell line (24) and colon cancer cell line (73). The beneficial immune-reg-
ulatory and anti-inflammatory effects of SCFAs may depend on two major mechanisms. The first 
involves the activation of various metabolites-sensing GPCR receptors expressed on DCs and in-
testinal epithelial cells. GPCR43, GPCR41, and GPCR109a are the most well-known GPCRs that 
contribute to the action related to SCFAs, they can act as receptors with distinct specificity and 
affinity for each individual SCFA. For example, GPCR43 is activated by SCFAs with varying po-
tency—acetate > propionate > butyrate, while GPCR109a is mainly activated by butyrate. GPCR43 
and GPCR109a expression is identified on both DCs and intestinal epithelial cells (74,75).

Interestingly, these two GPCR signalling seem to selectively induce tolerance. In an allergy mouse 
model, high-fibre feeding has been shown to increase the potency of tolerogenic CD103+DCs in the 
MLN via promoting production of acetate and butyrate and activity of GPCR43 and GPCR109a (75). 
Importantly, the activation of GPCRs by SCFAs is not limited to the intestinal sites. Both GPCR41 
and GPCR43 have been described to be expressed by β-cells (76), activation of these receptors by 
butyrate in the pancreatic β-cells of male NOD mice has been shown to be responsible for the pro-
tective effects against T1D (63).

In addition to binding to GPCRs, SCFAs can act as inhibitors for HDAC, which has genetic as-
sociation with diabetes and inhibition of which has been demonstrated to promote β-cell devel-
opment, proliferation, differentiation and function (77). In the NOD mice receiving butyrate- and 
acetate-yielding diets, the acetate diet has been shown to substantially decrease HDAC3 expression 
in islet antigen presenting B cells in the spleen, therefore may thus lead to a tolerogenic B-cell 
phenotype and prevent self-antigen-specific T cells proliferation (72). Similarly, in DCs, inhibition 
of HDACs leads to downregulation of the expression of co-stimulatory markers such as CD86 and 
CD40, suggesting that butyrate through inhibiting HDAC activity may in turn be able to influence 
T cells differentiation or function (78).

Evidence of SCFAs on The Prevention of Autoimmune Diabetes Development
Before reviewing the studies reporting the protection of SCFAs against T1D, it is worth mentioning 
that the NOD mouse model develops spontaneous diabetes and mimics the situation in the pancreas 
of patients with respect to the expression of the two major inflammatory cytokines TNF-a and IL-1b 
and therefore resembles human T1D very well (79). The NOD mouse has therefore been widely used 
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in the investigation of T1D. 

By injecting NOD mice with butyrate, researchers demonstrated that butyrate controls pancreatic 
inflammation via governing cathelicidin related antimicrobial peptide (CRAMP) production by pan-
creatic b-cells (63). CRAMP has been suggested to harbour positive immune-regulation on pancreatic 
macrophages and conventional DCs maintaining immune homeostasis in the pancreas via Tregs 
induction. Treatment of NOD mice with butyrate increased pancreatic CRAMP production and 
stimulation of islet culture, butyrate also increased CRAMP production, indicating a direct effect 
of butyrate on pancreatic b-cells. The induced CRAMP production was mediated through GPCRs, 
known to be expressed by pancreatic b-cells (62,73). Furthermore, the authors showed that deletion 
of the gut microbiota using antibiotics decreased the pancreatic CRAMP production, indicating the 
critical role of gut microbiota in the observed protective effects. These data again support that the 
gut microbiota might regulate the development of T1D via SCFAs-dependent pathway. 

In both NOD.Myd88-/- (under specific-pathogen-free and germ-free conditions) and NOD mice, spe-
cialized artificial diets designed to release acetate and butyrate showed a strong inverse correlation 
between SCFAs concentrations with progression to diabetes (72). Feeding the mice with acetate- or 
butyrate-releasing diets boosted the concentration of acetate and butyrate in the faeces and in hepatic 
and peripheral blood, respectively. Interestingly, these two diets were shown to have substantial 
effects on the immune system via different mechanisms of action. Acetate-releasing diet was shown 
to be particularly effective at inhibiting the proliferation of autoimmune T effector cells through 
decreasing the number of splenic B-cells, which not only have a pathogenic role in autoantibody 
production and in the transition from insulitis to clinical diabetes but also serve as important APC 
for islet antigen-reactive T-cells. Whereas butyrate-releasing diet functions through promoting the 
frequency and function of Tregs (72). Taken together, results from these studies support the notion 
that early life environmental factors (including the complex mixture of HMOS) govern the interplay 
between immune system and gut microbiota via bacterial metabolites such as SCFAs and thus control 
the development of autoimmune diseases such as autoimmune diabetes. Figure 3 depicts a model 
of proposed modes of action by which SCFAs may beneficially regulate the development of T1D. 

What Is Known About the Role Of Human Milk In The Protection Against T1D?
It is widely accepted that providing infants with human milk is beneficial for development of the 
newborn. The protective effect of breastfeeding against T1D has been hypothesized since the early 
1980s. A recently published nested case-control study indicated that higher human milk consump-
tion was associated with a decreased risk of primary insulin autoimmunity, whereas cow’s milk 
consumption was associated with an increased risk. This suggests that components of human milk 
(including e.g. fatty acids, human milk oligosaccharides) may contribute to the protective effects 
against early autoimmunity (80). From birth cohorts (from Norway and Denmark) additional evidence 
for the fact that human milk may reduce the risk of T1D is provided (81). Furthermore, duration of 
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breastfeeding (whether exclusive or not), use of infant formulas and cow’s milk, as well as the age 
of introduction of solid food seems to affect the development of T1D (82). For example, a case-con-
trol study involving 1,390 preschoolers demonstrated that receiving human milk for more than five 
months protects against T1D (83)foetal, perinatal and socio-economic factors, and family history of 
diabetes was obtained by a parent-administered questionnaire. Data were analysed by multiple un-
conditional logistic regression. Duration of breastfeeding and age at introduction of bottle-feeding 
were inversely associated with type 1 diabetes risk according to a dose-response relationship (trend 
test p<0.05. Exposure to gluten and other cereals early in life have been linked with an increased 
risk of developing T1D collectively with the notification that breastfeeding is suggested to play a 
role in protection at the time of cereal introduction (84). In a study (MIDA) investigating the rela-
tionship between breastfeeding duration with the risk of developing T1D in genetically susceptible 
newborns, breastfeeding for a duration of 12 months or longer was shown to predict a lower risk 
for T1D (85). Given the scientific evidence indicated in most published studies, the promotion of 
breastfeeding should be encouraged in the first year of life to prevent and/or delay the onset of T1D. 

FIGURE 3| Proposed action for modes of SCFAs in the protection of T1D.

SCFAs generated by gut commensal bacteria in the process of fermentation may have substantial effects on the immune system 

and intestinal epithelium through different modes of action: (1) Butyrate maintains gut integrity by inducing mucin synthesis 

and TJ production. (2) Butyrate promotes GPCR109a activity thus inducing CD103+ DCs that promote the proliferation of 

functional Tregs. (3) Acetate activates GPCR43 signaling on the intestinal epithelial cells thus promoting their production of 

RA, RA leads to increased ALDH activity in MLN CD103+ DCs and a concomitant increase in regulatory T cells. (4) Acetate 
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reduces marginal zone B cells, therefore reduces expansion of islet-autoantigen-reactive T cell. (5) Butyrate binds to GPCR41 

and GPCR43 thus controlling the production of CRAMP by pancreatic b-cells, CRAMP promotes the induction of pancreatic 

regulatory DCs and generation of pancreatic FoxP3+ Tregs. (6) SCFAs dampen diabetes related inflammatory cytokines and 

induce regulatory cytokines and mediators that lead to induction and expansion of Tregs. 

It is noteworthy that current evidence regarding the effect of breastfeeding and development of T1D 
are all derived from observational studies. Little is known about the different components of human 
milk and their role in T1D development. Human milk provides the infant with a unique and dynamic 
composition of lipids, proteins, carbohydrates, minerals and vitamins required for optimal develop-
ment and protection in early life (86). Next to these macro- and micronutrients, human milk contains 
multiple functional compounds, including soluble immunoglobulin A, lactoferrin, cytokines, long-
chain poly unsaturated fatty-acids, hormones, growth factors, oligosaccharides and beneficial bac-
teria (9), which support and augment independently or in combination the development of immune 
system and primes the mucosal interplay with microbiome. It is important to realize that genetic 
polymorphism in specific genes of mothers determine their HMO composition. A recent study has 
linked FUT2-dependent HMOS with reduction in allergic disease in breast-fed infants later in life, 
suggesting a potential protective role of specific HMO compositions against the development of im-
mune disorders such as T1D (87). Furthermore, an interesting implication of the association between 
FUT2 non-secretor status and the gut microbiome in the pathogenesis of T1D has been provided (88). 
However, in order to fully understand the relationship between the complex mixture of HMOS and 
T1D development, large RCTs are required. 

Human Milk Oligosaccharides May Provide a Strategy for Prevention of T1D
The beneficial health effects of human milk cannot be assigned to one single compound; it is gen-
erally accepted that HMOS directly and indirectly play a pivotal role in this development. Next to 
lactose and lipids, HMOS are the third most abundant compound in human milk. More than 200 
different structures have been identified, which are unique to human milk. HMOS are a family 
of complex unconjugated glycans consisting of the monosaccharides glucose, galactose, fucose, 
N-acetylglucosamine and N-acetylneuraminic acid, with the disaccharide lactose at the reducing 
end. The basic HMO structure can be either fucosylated and/or sialylated resulting in respectively 
neutral and acidic oligosaccharides. The production of HMOS is regulated by the various glyco-
syltransferases in the mammary gland. Differences in genetically determined glycosyltransferase 
pattern affect HMO amount and composition between mothers (89). Besides the inter-individual vari-
ation, the concentration and the composition of HMOS in human milk varies over the course of 
lactation to provide the suckling infant with the optimal nutritional needs over time. Colostrum, 
first milk secreted at time of parturition, contains approximately 20-25 g/l HMOS, whereas matured 
human milk declines in HMO concentration to as much as 5-15 g/l (90).
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Several research groups (including our own) have demonstrated the preventative and/or therapeutic 
potential of selected HMOS in immune development, reducing food allergy (91) and infectious epi-
sodes (90). However, to the best of our knowledge there are scarce published reports available on the 
effects of HMOS in T1D. Given the knowledge that gut microbiota and their metabolites are promis-
ing novel targets in the prevention of T1D due to their potential to modulate the mucosal immunity, 
it seems plausible to assume that HMOS (provided as complex prebiotic oligosaccharide mixture) in 
early life can be a promising tool to prevent the onset of immune disorders (including T1D) in later 
life. Based on the preventative role breastfeeding has on the development of T1D, we will discuss in 
this section, perspectives of HMOS and postulated effects related to autoimmune regulation. 

HMOS Optimize Gut Microbiota Profile 
As discussed above, the diminished level of bacterial diversity and abundance of specific bacterial 
groups have been correlated with the onset and progression of T1D, therefore, proper modification 
of the gut microbiota seems to provide useful therapeutic strategies for controlling the disease. This 
notion has been consistently supported by many recent studies, one example is delivery of modified 
probiotic bacteria, which reset the immune system of the NOD mice toward β cell–specific tolerance 
and completely prevented T1D (92). The complex mixture of HMOS contributes to building a healthy 
and stable gut microbiota. The abundance of specific Bifidobacteria has been found to be negatively 
associated with β-cell autoimmunity in children with two or more diabetes-related autoantibodies in 
several studies from different countries (18,93,94) but data on human type 1 diabetes are tentative and 
based on studies including only a few study subjects. To exclude secondary effects of diabetes and 
HLA risk genotype on gut microbiota, we compared the intestinal microbiota composition in chil-
dren with at least two diabetes-associated autoantibodies (n = 18. HMOS were originally described 
as the “Bifidus factor” in human milk, stimulating the growth of Bifidobacteria (95). Over the past 
decade, it has been demonstrated that HMOS can act as prebiotics stimulating the growth of distinct 
bacteria, predominantly mutualists. Prebiotics are defined as “non-digestible food ingredients that 
beneficially affect the host by selectively stimulating the growth and/or activity of one or limited 
number of bacteria in the colon, and thus improving host health” (96). 

Human milk oligosaccharides stimulate the growth of certain Bifidobacteria and are fermented re-
sulting in the production of metabolites (providing specific SCFA profiles). The mutualist B. infantis 
and to a lesser extend B. bifidum have been shown to grow well on HMOS as the only carbohydrate 
source (97–99). In contrast, the growth of B. breve and B. longum were moderate on total HMOS, 
however, B. breve showed high levels of growth on the oligosaccharides lacto-N-tetraose and Lac-
to-N-neotetraose (LNnT) (98,100). Consistently, a recent study has shown that addition with specif-
ic HMOS, 2’-fucosyllactose (2’-FL) into formula led to more abundant Bifidobacterium in infants 
compared with no prebiotic supplemented (103). Regarding the mechanisms whereby those mutualists 
may benefit the development of T1D, it has been shown that Bifidobacteria, including B. infantis and 
B. bifidum, grown on HMOS reduce occludin relocalization and enhance the expression of junction 
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adhesion molecule (JAM) and occludin in Caco-2 cells. Furthermore, they up-regulated the expres-
sion of the anti-inflammatory cytokine IL-10, while down-regulating the expression of TNF-a (102). 
These findings suggest the beneficial effect of HMO-grown Bifidobacteria on the gut integrity. The 
consumption of HMOS by mutualists results in the production of lactate and subsequently SCFAs 
(butyrate, acetate and propionate), resulting in significant pH reduction. Furthermore, it has been 
shown that non-mutualists, such as C. perfringens and E. coli K12 did not consume HMOS nor pro-
duce fermentation products (99). More importantly, the fermentation products such as SCFAs produced 
by the mutualists inhibit the growth of these non-mutualists (103), but also directly or indirectly mod-
ulate the immune system, maintaining the gut integrity as described in the previous section. Thus, it 
is clear that the prebiotic effects of the complex HMOS as well as subsequent bacterial metabolites 
may play a protective role in T1D. The specific selection and influence of HMOS in encouraging or 
inhibiting colonization of other specific microbial groups such as Bacteriodetes, Firmicutes in the 
context of T1D should be investigated in more detail and implemented with great care. 

HMOS May Maintain Intestinal Barrier Function in a Microbiota-Independent 
Manner
Besides modulating gut integrity indirectly via specific microbiota, it can be speculated that HMOS 
may also have direct effect on intestinal barrier function, based on the current evidence of prebiotic 
oligosaccharides. Within our own research group, the direct effects of different prebiotic oligosac-
charides on the acceleration of the tight junction reassembly and reduction of CXCL8 release have 
been demonstrated in a Caco-2 cell model for intestinal barrier dysfunction (104). An earlier in vivo 
study by us indicated that specific oligosaccharide may maintain gut integrity via regulating the 
expression of CLDN3 (105), which is a tight junction protein. These findings suggest that specific 
prebiotic oligosaccharides can support the maintenance of barrier integrity, although, there is cur-
rently no evidence regarding the direct, microbiota-independent effects of authentic HMOS on this 
aspect available. Future research is needed to elucidate and verify the beneficial potential of HMOS 
regarding maintaining intestinal barrier function, which may contribute to the proposed protective 
effects of HMOS against T1D. 

HMOS Modulate Systemic and Mucosal Immune System
Although changes in gut microbiota composition and intestinal mucosal environment can indirectly 
influence the immune system, it is also likely that HMOS may act directly on systemic immune cells 
since specific HMOS, such as 2’-FL, 3’-sialyllactose (3’-SL), 6’-sialyllactose (6’-SL), and LNnT 
have been detected within the intestine and in systemic circulation (106,107). As discussed above, 
tDCs function to control effector and regulatory mechanisms relevant to pathology of autoimmune 
diseases such as T1D (34). DCs express many receptors such as Dendritic Cell-Specific Intercel-
lular adhesion molecule-3-Grabbing Non-integrin (DC-SIGN) and TLRs that can recognize the 
oligosaccharide structures of their glycoprotein ligands. Since some of the HMOS are structurally 
similar to selectin ligands, it is likely that HMOS can bind directly to DCs and trigger signaling 
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that results in changes to DCs phenotypes and functions, as well as subsequent T cell priming. A 
recent study showed the immune-modulatory properties of the prebiotic complex mixture - short 
chain galacto-oligosaccharides (scGOS) and long chain fructo-oligosaccharides (lcFOS) in a ratio 
of 9:1 (mimicking the size and functional characteristics of the complexity of authentic HMOS) on 
human monocyte-derived DCs, in vitro (59). Stimulation of immature DCs with scGOS/lcFOS led to 
significantly enhanced release of the cytokine IL-10, while no IL-12p70 release was detected. In-
cubation with the non-digestible oligosaccharides barely up-regulated the expression of maturation 
markers compared to LPS-matured MoDCs. The stimulation of MoDCs with scGOS/lcFOS together 
with a TLR-4 antagonist effectively abolished MoDC IL-10 release, indicating the potential of these 
non-digestible oligosaccharides in regulating the immune system. The impact of a complex mixture 
of HMOS and individual HMOS on DC development should be assessed, which may provide im-
portant implications for the potential of HMOS for prevention and treatment of T1D. 

Interplay Between the Mucosal Immune System and Gut Microbiota Development in 
The Prevention of T1D--An Overview
So far, we reviewed the limited knowledge available on the involvement of the intestinal immune 
system, including altered microbial composition, leaky gut and altered mucosal immune response, 
in the etiology of T1D. Furthermore, we discussed the beneficial effects of human milk, and high-
lighted specifically the role of SCFAs and the complex mixture of HMOS, on each of these aspects. 

FIGURE 4| Proposed model for prevention and/or treatment for T1D by early life nutritional factors. 

Early life nutritional factors such as human milk oligosaccharides can influence the development of T1D via direct effects (dash 

arrows) including induction of an optimized gut microbiota composition with increased SCFAs producing bacteria, maintenance of 
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gut integrity, induction of tDCs and subsequent balanced T-cell responses; and indirect effects (solid arrows), through effects on the 

composition of the microbiota, which produce metabolites such as short chain fatty acids (SCFAs) that have a favorable regulatory 

function on immune responses. 

A model is provided within a schematic overview (Figure 4) emphasizing the role of early life en-
vironmental factors in the modulation and/or prevention of T1D in early life (Box 1).

BOX 1| An overview of early life environmental factors involved in T1D development. 

 √ Development of, and/or cooperation among the intestinal microbiota, the intestinal barrier, and the mucosal immune 
system are pivotal to mucosal health and are often perturbed in T1D.

 √ tDCs play a critical role in maintaining peripheral and central tolerance in autoimmunity, induction of antigen-specific 
tDCs offers the possibility to prevent or treat T1D.

 √ Human milk is established to maintain a symbiotic gut microbiota by promoting the growth of beneficial commensal 
bacteria and inhibiting the adhesion of pathogens and seems to provide tolerogenic factors against development of T1D.

 √ Alterations in the commensal microbiota are associated with human disease, and modulation of the microbiota can 
modulate disease development.

 √ Short chain fatty acids (SCFAs) may enhance the epithelial barrier function, induce tDCs, reduce specific B-cells and 
influence expansion of auto-reactive T-cells, control CRAMP production, as well as induce an anti-diabetogenic cytokine 
profile.

 √ Human milk oligosaccharides intervention in early life is an attractive strategy for the prevention of T1D based on their 
prebiotic, SCFAs-boosting, microbiota-independent immunomodulatory, and gut microbiota-modulatory effects.

FUTURE PERSPECTIVES

For the last decade, accumulating evidence has demonstrated that the GI-tract plays a pivotal role in 
processes eventually contributing to the destruction of pancreatic b-cells and therefore the develop-
ment of T1D. However, research focused on the underlying mechanisms unraveling the contribution 
of human milk is limited. Thanks to advances in next generation sequencing technologies, studies 
on the role of the gut microbiota in autoimmune diseases becomes more accessible. To date, how-
ever, only two cohort studies studying the microbiome development in T1D, with relatively small 
size, are available. Clearly, more research is needed to understand the exact role of environmental 
factors, the microbiota, gut integrity and mucosal immune system in T1D development. Future 
research in this field should focus on the interplay at mucosal surfaces, beginning immediately 
after birth and continuing until T1D onset, to investigate the earliest alterations in these different 
elements contributing to the development of T1D. Furthermore, additional interest should be paid 
to the functionality of bacteria associated either with the development or prevention of T1D. Such 
findings will not only provide understanding on the pathology and development of T1D but will 
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also provide tools and insights in order to prevent the onset of T1D. Notably, the possibility of pri-
mary prevention of T1D with a diet-based treatment would be of considerable interest. Increasing 
amounts of valuable research is being performed on the beneficial effects of HMOS on gut and 
immunity. Several synthetic oligosaccharides have recently become commercially available with 
identical structures to the real individual HMOS. However, it is of utmost importance to study the 
effects of these single HMOS normally present within a complex matrix, on the development of au-
toimmune disorders like T1D. It may provide us with important information for mimicking the com-
plex mixture of HMOS regarding anti-diabetogenic benefits. Furthermore, more prospective cohort 
studies should be performed to form a basic understanding of the relation between breastfeeding and 
T1D with special attention to the microbial diversity, intestinal and systemic immune-modulatory 
properties and the cross-talk between GI-tract and pancreas. 
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ABSTRACT 

Development of Type 1 diabetes (T1D) is influenced by non-genetic factors, such as optimal micro-
biome development during early life that “programs” the immune system. Exclusive and prolonged 
breastfeeding is an independent protective factor against the development of T1D, likely via bio-
active components. Human Milk Oligosaccharides (HMOS) are microbiota modulators, known to 
regulate immune responses directly. Here we show that early life provision (only for a period of six 
weeks) of 1% authentic HMOS (consisting of both long-chain, as well as short-chain structures), 
delayed and suppressed T1D development in non-obese diabetic mice and reduced development of 
severe pancreatic insulitis in later life. These protective effects were associated with i) beneficial 
alterations in fecal microbiota composition, ii) anti-inflammatory microbiota-generating metabolite 
(i.e. short chain fatty acids (SCFAs)) changes in fecal, as well as cecum content, and iii) induction 
of anti-diabetogenic cytokine profiles. Moreover, in vitro HMOS combined with SCFAs showed 
induced development of tolerogenic dendritic cells (tDCs), priming of functional regulatory T cells, 
which support the protective effects detected in vivo. In conclusion, HMOS present in human milk 
are therefore thought to be vital in the protection of children at risk for T1D, supporting immune and 
gut microbiota development in early life.

Keywords
Human milk oligosaccharides, Type 1 diabetes, Microbiota, Short chain fatty acids, Tolerogenic 
dendritic cells.
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INTRODUCTION 

Exclusive and prolonged breast-feeding have been identified as independent protective factor 
against insulin-dependent T1D development since 1984 (1–3). Aside from reducing risk factors such 
as early introduction of complementary foods including wheat proteins (3,4), human milk per se 
might provide infants with anti-diabetic components, although to date these protective factors have 
not been identified. HMOS are a group of structurally diverse unconjugated short-chain, as well as 
long-chain glycans, found uniquely and abundantly (20-23g/L in colostrum and 12-14g/L in mature 
milk) in human milk (5). The prebiotic effects of HMOS are well established (Reviewed by Ling X. 
et al., (6)) and SCFAs derived from HMOS through microbial processing, influence innate as well as 
adaptive immunity. Microbial alterations influence the pancreatic immune environment7 (specific 
B cells and regulatory T cells (Tregs)(8)), leading to direct protection against the development of 
T1D in non-obese diabetic mice (NOD/ShiLtJ, a model of spontaneous diabetes development) (7,8). 
Moreover, specific oligosaccharides in human milk are capable of shaping infants innate immune 
system through binding to DC-SIGN9, suggesting direct microbiota-independent immunomodulato-
ry properties of HMOS. Collectively, these data indicate that HMOS are essential in microbiota and 
immune development of neonates. However, little is known about the contribution of HMOS in the 
protective effect of human milk on the development of autoimmune diseases such as T1D.

T1D results from autoimmune destruction of insulin-producing β cells of the pancreas. This Th1 
and/or Th17-mediated disease involves deregulation of CD8+ T-cell and innate immune cells such 
as dendritic cells (DCs) (10). Through shared lymphocytes homing receptors between gut and pan-
creas(11), mucosal immune development may directly affect the pancreatic β-cell. Consequently, gut 
microbiota development and modulation seems a promising target in prevention of T1D. Interaction 
between intestinal microbes and host’s innate immune system within T1D was first described by 
Wen Li(12). Indeed, microbiota modulation by either early-life exposure to antibiotics13, probiotics 
(14,15), or dietary intervention with gluten free diet prevented onset and/or progression of this disease 
(16) . Hence, early in life there is a critical period for establishment of an optimal gut microbiota, 
which ‘educates’ infant’s immune system and development. Based on known protective effects 
of breastfeeding against T1D, and prebiotic effects of HMOS, we hypothesized that HMOS may 
contribute to the reduction of T1D development in breastfed infants. Therefore, the effect of dietary 
supplementation of the authentic complex mixture of HMOS isolated from human milk consisting 
of both short-chain as well as long-chain oligosaccharides, for a short period early in life on the 
development of T1D later in life in NOD mouse was tested. Furthermore, within in vitro DC-T-cell 
model, the direct immunomodulatory effects of HMOS and/or HMOS in the presence of SCFAs 
were confirmed. 
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RESULTS

Early Dietary HMOS reduced diabetes incidence and pancreatic insulitis in NOD-
mice later in life.
To determine the effects of HMOS on T1D development, four-week (Wk)-old female NOD-mice 
were provided with (or without) 1% HMOS containing diet from Wk4 until Wk10 of life. Clinical 
onset of diabetes was determined based on weekly monitored urine glucose levels. NOD-mice 
receiving HMOS showed delayed onset in disease development (22 ± 1.4 and 25 ± 4.5 weeks (mean 
± SEM) for HMOS and control group respectively). The time of each diabetic mouse occurrence 
in both control and HMOS diet receiving groups were shown FigS1. At the end of the study, a 
significant reduced incidence of T1D was detected within the NOD-mice receiving HMOS early 
in life (15% and 47.4% for HMOS and control group, p<0.05 respectively, n=19 for control, and 
n=20 for HMOS group, Fig1A). Maximal measured blood glucose levels confirmed classification 
of non-diabetic and diabetic mice since significantly higher levels were found between diabetic 
subgroups and non-diabetic subgroups (Fig1B). In addition, the mean blood glucose levels (mM) 
were significantly different between mouse from control and HMOS group (p<0.05) (Fig1C). No 
changes between groups were observed in body weight over time (FigS1). Histological analysis 
of pancreatic islet inflammation (Degree of insulitis as scored on representative HE stained 
islets shown in Fig1D) revealed significantly (p<0.001) reduced incidence of complete insulitis 
in HMOS-receiving NOD-mice (19%) compared to control NOD-mice (61%) (Fig1E). In mice 
receiving HMOS the mean normalized insulitis score was significantly lower (2.1 ± 0.16 (mean 
± SEM) p<0.001) than observed in control group (3.4 ± 0.16 (mean ± SEM)) (Fig1F). These data 
indicate that early HMOS supplementation can protect against T1D development.

Dietary HMOS influenced cytokine profile in NOD-mice
Both immune system regulation and microbiota modulation are suggested to impact T1D devel-
opment12. To test the effects of dietary HMOS on systemic immunity, serum cytokines in NOD-
mice were measured at endpoint. Significantly reduced concentrations of IL-17 were detected in 
HMOS-treated compared to control NOD-mice (p<0.01, Fig2A), which was mainly present in the 
non-diabetic NOD-mice (p<0.05, HMOS-Non-dia vs Control-Dia; p<0.05, HMOS-Non-dia vs Con-
trol-Non-dia). Although no difference in the IFN-γ level between groups was found, non-diabetic 
mice from HMOS group showed significantly lower level than the two diabetic subgroups (p<0.01, 
HMOS-Non-dia vs HMOS-Dia; p<0.05, HMOS-Non-dia vs Control-Dia, Fig2B). In addition, a 
tendency towards an increased IL-4 level by HMOS dietary intervention was observed (p=0.06, 
Fig2C), and significant difference was found between HMOS-Non-dia and HMOS-Dia (p<0.01) 
subgroups, and HMOS-Non-dia and Control-Dia subgroups (p<0.01). Surprisingly, TNF-α was sig-
nificantly increased in HMOS-treated as compared to control NOD-mice (p<0.01, Fig2D), and the 
non-diabetic mice from HMOS showed higher levels than those from Control group (p<0.05).
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FIGURE 1| Early HMOS dietary intervention protects NOD-mice from onset and development of T1D. (A) Diabetes 

Free percentage in control (solid line trace, n=19) and HMOS (dash line trace, n=20) group over time. (B) Maximal measured 

blood glucose levels (mM) in control (black dots, n=9 for diabetic and n=11 for non-diabetic) and HMOS group (white dots, 

n=3 for diabetic and n=17 for non-diabetic) were grouped according to diabetic or non-diabetic status. (C) Mean Blood glucose 

(mM) of control (black dots, n=19) and HMOS group (white dots, n=20). (D) Degree of insulitis as scored on representative 

HE stained islets (range 0-4). Scale bars: 50 μm. (E) Average percentage of each score in the total islets counted in the Control 

or HMOS group. Average of 46 islets of each mouse from Control and HMOS mice were assigned insulitis scores. white bars 
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present No-insulitis, light grey bars present Peri-insulitis, grey bars presents Insulitis < 50%, dark grey bars present Insulitis > 

50%, and black bars present Complete-insulitis. (F) Mean value of mean normalized insulitis scores (range 0-4) of each mouse 

from control and HMOS groups are shown. Data are presented as mean ± SEM, n = 19-20/group. Statistical differences between 

groups are depicted as * p˂0.05, ** p<0.01, *** p<0.001 and ****p<0.0001 using Mann-Whitney U-test.

In addition, significantly decreased Leptin levels were detected in HMOS-treated NOD-mice as 
compared to control (p<0.01, Fig2E), and the control diabetic subgroup showed higher levels than 
all the other three subgroups (p<0.05, p<0.05, p<0.05, Control-Dia vs Control-Non-dia, HMOS-
Dia, or HMOS-Non-dia, respectively). 

FIGURE 2| Early HMOS dietary intervention changes serum cytokines profile. The concentrations of (A) IL-17, (B) IFN-γ, 

(C) IL-4, (D) TNF-α, and (E) Leptin were analyzed in serum of HMOS-modulated and untreated NOD-micedepicted as either 

total group or separated as Diabetic (Dia) and Non-diabetic (Non-dia) mice as indicated. Data are presented as Mean ± SEM, 

n=17/20/group. Statistical differences between groups are depicted as * p˂0.05 and ** p<0.01using Mann-Whitney U-test.
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Dietary HMOS altered the fecal and ceacal microbiota composition of NOD-mice 
overtime
Knowing that immune and microbiome development are correlated, we analyzed fecal microbiota 
compositions of NOD-mice receiving either HMOS or control diet using high-throughput 16S ri-
bosomal RNA gene amplicon sequencing at different time points during the experiment. The fecal 
microbiota of both NOD-mice groups was dominated by three bacterial relative abundance (RA) 
phyla: Firmicutes, Bacteroidetes, and Verrucomicrobia (Fig3A). At baseline (Wk4), no microbial 
differences were detected prior to intervention (data not shown). Due to HMOS intervention, a grad-
ual change between Firmicutes and Bacteroidetes was detected, leading to a significant increase in 
the RA of Firmicutes and decrease in the RA of Bacteroidetes at Wk30 (Fig3A). Additionally, the 
Firmicutes-to-Bacteroidetes (F/B) ratio, which has been negatively correlated with glycemic level 
and reduces overtime in T1D development17,18, indeed declined in both groups at Wk9 and Wk14. 
At Wk14 and Wk30, HMOS-treated NOD-mice showed significantly higher F/B ratio than the con-
trol NOD-mice (Fig3B). Further analysis between diabetic and non-diabetic NOD-mice, of both 
control and HMOS-treated groups, indicated significantly higher F/B ratio in the non-diabetic mice 
at Wk30 (FigS3). This data suggests that HMOS intervention promoted a microbiota composition 
preceding prevention of T1D development and differed from untreated control NOD-mice.

Segmented filamentous bacteria (SFB) have been positively linked with diabetes protection in NOD-
mice (19). HMOS-treated NOD-mice indicated higher RA of SFB Clostridiales compared to control 
NOD-mice (Fig3C), which lead to a significant difference at Wk30 (p<0.05). At the taxonomic 
family level, the RA of S24-7, a dominate bacteria originating from the phylum Bacteroidetes20, 
was significantly reduced in the HMOS-treated NOD-mice at Wk14 and Wk30; whereas the RA of 
Lachnospiraceae, a member of Clostridium cluster XIVa that produces butyrate (21), was significantly 
higher in HMOS-treated NOD-mice, when compared to the control mice at Wk30 (Fig3D). Addi-
tionally, bacterial richness was significantly higher in HMOS-treated NOD-mice compared with 
control NOD-mice at Wk30 (p<0.01, Figure 3E).

The longitudinal study model of RA genera taxa that indicated significance between untreated con-
trol and HMOS-treated NOD-mice fecal samples are depicted in (Fig3F). Interestingly, we detected 
increased RA of SCFAs-producing bacteria in HMOS non-diabetic mice (13% at Wk14, and 12% at 
Wk30) when compared to HMOS diabetic mice (2% at Wk14, and 2.5% at Wk30) (Fig3G). Overall, 
diabetic mice showed reduced SCFA-producer taxa compared to non-diabetic mice at Wk14 and 
Wk30 in both groups of NOD-mice. It is noteworthy that within those genera, HMOS-treated NOD-
mice displayed more abundant Akkermansia at Wk30, which is a mucin-degrader in the gut22. Be-
sides, the RA of [Ruminococcus] (Wk14), Ruminococcus (Wk9 and Wk30), Oscillospira (Wk30), 
unclassified genus of Lachnospiraceae (Wk14 and 30), and Coprococcus (Wk9) were observed 
significantly higher in HMOS treated mice than in control mice (Fig3H). 
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FIGURE 3| Early HMOS dietary intervention alters fecal microbiota composition over time. Faecal samples at Wk4 

(baseline), Wk9 (start intervention), Wk14 (post-intervention) and Wk30 (endpoint) were analyzed using 16S rRNA. (A) Pie 
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charts at phylum level at time points indicated, # False Discovery Rate (FDR) p˂0.05; * Kruskal-Wallis p<0.05. (B) Ratio of 

Firmicutes-to-Bacteroidetes in the faecal microbiota of NOD-mice receiving HMOS or control diet. (C) Relative abundance of 

overall Segmented Filamentous Bacteria (SFB) at order level. (D) Relative abundance of family S24-7 and Lachnospiraceae 

in NOD-mice receiving HMOS or control diet. * p<0.05, one-way ANOVA. (E) Richness index at genus taxonomic level of 

bacteria of NOD-mice receiving HMOS dietary intervention or not. Data are represented as mean ± SEM, n=17-20/ group, * 

p˂0.05, ** p<0.01, one-way ANOVA test was used (F) Stacked column plots of the average number of sequences of bacterial 

genus, top 90% genera were included. (G) Stacked column plots of relative abundance of SCFAs-producing bacteria at genus 

taxonomic level. (H) Relative abundance of six different bacterial genera from two groups. Data are presented as mean ± SEM, 

n=17-20/ group. Statistical differences between groups are depicted as * p˂0.05 and ** p<0.01 using Mann-Whitney U-test. 

Dietary HMOS maintained alpha and beta diversity of the fecal microbiota in NOD-
mice
Low diversity of gut microbiota, i.e. number, abundance, and distribution of bacteria has been 
linked to increased risk of T1D (18,23), therefore we analyzed alpha and beta diversity of fecal micro-
biota in NOD-mice at different time points. At taxonomic level of genus, no significant changes in 
alpha diversity indices24existing definitions of alpha and beta must be replaced by a definition that 
partitions diversity into independent alpha and beta components. Such a unique definition is derived 
here. When these new alpha and beta components are transformed into their numbers equivalents 
(effective numbers of elements were detected in HMOS-treated NOD-mice overtime (Fig4B-D), 
except for bacterial richness (ANOVA; p<0.01) (Fig4A). Particularly, within the HMOS-treated 
group, significantly higher bacterial richness at Wk30 was detected in non-diabetic mice than in 
the other disease and time comparisons (Fig4A). Additionally, bacterial richness was significantly 
higher in HMOS-treated NOD-mice compared with control NOD-mice at Wk30 (p<0.01, Fig4E). In 
contrast, significant loss of diversity in the Shannon (ANOVA; p<0.01), Simpson (Kruskal-Wallis; 
p< 0.01), and Evenness (ANOVA; p<0.001) indices were detected in control NOD-mice (Fig4B-D). 

Finally, Wk14 and Wk30 fecal taxon-specific differences were observed within the context of over-
all microbial community analyses (ANOSIM) that revealed significant differences between the dia-
betic and non-diabetic NOD-mice in both groups, at the genus level (Fig4E). Our findings that NOD 
mice lost their bacterial diversity over time in T1D development are consistent with previous stud-
ies demonstrating that the level of bacterial diversity diminished overtime in diabetic children(18), 
and HMOS dietary intervention seems to prevent NOD-mice from losing their bacterial diversity. 
This observation was supported by the Bray-Curtis dissimilarity index indicating greater variability 
in microbial community HMOS non-diabetic mice at Wk30. (FigS4).

In addition, functional predictions using PICRUSt analysis indicated that the RA of a majority of 
reference gene pathways trended different in fecal samples collected from HMOS-treated and con-
trol NOD-mice (data not shown). Of note, the RA of three pathways trended higher in HMOS-treated 
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non-diabetic compared to control non-diabetic mice, at Wk14 and Wk30, specifically the carbohy-
drate digestion and absorption pathway which is associated to SCFAs-producing bacteria (FigS5). 
Overall results indicate and point to specific microbial changes, as well as diversity playing a role 
in protection of T1D in the NOD-mice receiving early HMOS diet.

FIGURE 4| Early HMOS dietary intervention changes the Alpha diversity and Beta diversity of fecal microbiota of the 

non-diabetic and diabetic mice within each group at four collection points. (A) Richness index. (B) Shannon’s richness 

index. (C) Simpson’s index of diversity. (D) Shannon’s evenness index. (E) Inter-group analysis of similarity (ANOSIM) (Beta 

diversity). Global R comparison was based on ANOSIM performed within the software package Primer6, as described in the 

text. P-values were calculated based on a permutational analysis, employing 9,999 permutations. p < 0.05, n=17-20/group. CD: 

Control Diabetic; CND: Control Non-diabetic; HD: HMOS Diabetic; HND: HMOS Non-diabetic
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Dietary HMOS increased fecal SCFAs levels in NOD-mice during dietary intervention
Changes in microbial ecology promoted us to assess SCFAs levels in feces and cecum content by NMR 
spectroscopy. Within fecal samples from HMOS-treated NOD-mice, a significantly increased total fecal 
SCFAs (p<0.0001) concentration was detected compared to control group (at Wk9, which is during the 
HMOS provision) (Fig5A). Specifically, acetic acid (p<0.0001), propionic acid (p<0.01), and butyric 
acid (p<0.05) were all significantly higher in fecal samples of NOD-mice receiving HMOS- compared 
to control diets. More importantly, we found that all samples with higher levels of SCFAs were pre-
dominantly present in the HMOS-receiving-non-diabetic mice (Fig 5A-D). In addition, HMOS-treated 
NOD-mice had relatively higher total SCFAs concentrations detected in cecum content as compared to 
control mice (FigS6). No differences in SCFAs were detected between the groups at Wk14 and Wk30, 
which are 4 to 20 weeks post HMOS intervention respectively. Consistently with previous study in 
which SCFAs (specifically, acetate and butyrate) have been demonstrated to directly protect against 
pancreatic islet inflammation(7) and diabetes incidence(8), our correlation analysis between individual 
SCFAs and insulitis score showed a significantly inverse correlation of acetic acid (spearman correla-
tion R-0.64 and p<0.01 for HMOS, and R-0.36 with p=0.12 for control group) (Fig5E) and butyric 
acid (R-0.50 and p<0.05 for HMOS, and R-0.39 and p=0.09 for control group) (Fig5F) with individual 
insulitis scores. Together, these results indicate that HMOS mediated protection against development 
of autoimmune T1D might be established through interaction between microbial derived metabolites 
SCFA (acetate, propionate, and butyrate) post intervention and immune development.
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FIGURE 5| Early HMOS dietary intervention increases production of SCFAs in the fecal samples which are correlated 

to severity of insulitis. (A) Concentrations of total SCFAs (sum of acetic acid, propionic acid, and butyric acid), (B) acetic acid, 

(C) propionic acid, and (D) butyric acid shown as in total or diabetic (Dia) and Non-diabetic (Non-dia) of control and HMOS 

group, fecal samples were collected from Wk9. Data are presented as mean ± SEM, n=17-20/ group. Statistical differences be-

tween groups are depicted as * p˂0.05 and ** p<0.01using Mann-Whitney U-test. (E) and (F) Significant correlations between 

acetic acid and butyric acid with insulitis score, Spearman correlation analysis was used, r- and p-value included respectively. 

HMOS and SCFAs induce tolerogenic DC phenotype in vitro
Intestinal produced SCFAs are known to exert their effects in different organs(25), indeed both ace-
tate and butyrate protect NOD-mice from developing T1D via limiting the autoimmune T cells and 
promoting functional regulatory T cells(8). Moreover, specific HMOS, such as 2’-fucosyllactose 
(2’-FL), 3’-sialyllactose (3’-SL), 6’-sialyllactose (6’-SL), and Lacto-N-neotetraose (LNnT) have 
been detected within systemic circulation(26, 27), which allows direct interactions with DCs, which 
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are pivotal immune regulators that can drive T-cell priming and differentiation. A subpopulation 
of DCs with tolerogenic phenotypes and functions are suggested to control effector and regulatory 
mechanisms relevant to pathology of autoimmune diseases such as T1D 28. Both SCFAs and syn-
thetic oligosaccharides can induce DCs with regulatory phenotypes via distinct mechanisms(29, 30). 
Therefore, HMOS alone and/or HMOS combined with butyrate or acetate were tested on murine 
bone marrow derived immature DCs (iDCs) for 24h after which Th1-type of DCs were induced 
by adding LPS, DC-phenotype and T-cell induction capacity were subsequently analyzed using 
flow cytometry. Exposure of iDCs to physiological concentrations of HMOS, HMOS+butyrate, 
or HMOS+acetate induced a semi-mature phenotype compared to untreated control characterized 
by induction (MFI) of MHC-II and co-stimulatory molecules CD86, CD80, and CD40 expression, 
while increased expression of inhibitory molecules PD-L1 and OX40-L were detected (Fig6A, B). 
LPS alone enhanced MFI of MHCII, CD86, CD80, and CD40 on iDCs, but addition of LPS did not 
change HMOS, HMOS+butyrate, and HMOS+acetate modulated DC-phenotypes (Fig6A, B). In-
terestingly, the expression levels (MFI) of PD-L1 and OX40-L on HMOS- and HMOS+acetate-DC 
were significantly increased and stable in the presence of LPS as compared to untreated iDCs, point-
ing to the potential of inducing Tregs(31) and skewing immune responses(32). It is worth mentioning 
that, the observed effects of HMOS are not due to the potential LPS contamination since elimination 
of LPS by polymyxin B, which is an effective LPS inhibitor, does not influence the HMOS effects 
(FigS8). 

CC-chemokine receptor 7 (CCR7) essentially contributes to immunity by guiding cells to and with-
in lymphoid organs33. HMOS- and HMOS+acetate-DCs expressed higher levels of CCR7 compared 
with untreated DCs; LPS up-regulated CCR7 expression in HMOS-DCs. The expression of CXCR3 
could only be detected on HMOS-DCs; LPS increased CXCR3 expression on all the three types 
of DCs (Fig6C, D), suggesting increased potential DCs to reach the inflammatory site in the pan-
creas33. This correlated to significant increased release of IL-10 by HMOS-, HMOS+butyrate- and 
HMOS+acetate-DC compared to untreated DCs, which were reduced upon LPS stimulation. More-
over, IL-12p70, and IL-6 release of HMOS, HMOS+butyrate, and HMOS+acetate treated DCs in 
the presence of LPS was significantly lower than control LPS-DCs (Fig6E), collectively showing a 
direct modulation of DCs by HMOS and SCFAs.
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FIGURE 6| HMOS, HMOS+Butyrate, and HMOS+Acetate induce direct immunomodulatory effects on murine bone 

marrow derived DCs phenotype and cytokines microenvironment in vitro. (A) Representative histograms of maturation, 
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co-stimulatory, and inhibitory markers expression on DCs and (B) MFI of given markers expression were shown. (C) Represen-

tative histograms of migratory markers expression on DCs and (D) median florescence of intensity of given migratory markers 

were shown. DCs were treated by medium, HMOS, HMOS+Butyrate, or HMOS+Acetate with (black lines) or without (grey 

lines) LPS activation for 24h. Filled histograms represent isotype controlled mAb staining. Gating strategy shown in Fig S7. (E) 

Concentrations of IL-10, IL-12p70, and IL-6 by medium- (black bars), HMOS- (white bars), HMOS+Butyrate- (dark grey bars), 

HMOS+Acetate-DC (grey bars. Data are presented as mean ± SEM, n=3-4 for DCs activation experiment. Statistical differences 

between groups are depicted as * p˂0.05, ** p<0.01 and *** p<0.01 using Mann-Whitney U-test. 

HMOS and SCFAs modulate BMDC functions in vitro.
Knowing that HMOS-, HMOS+acetate-, and HMOS+butyrate modulated DC phenotype, we as-
sessed effect on effector CD4+T cells activation (i.e Th-1 and Th17-cells) and Treg differentiation. 
Upon co-culture of HMOS- and HMOS+acetate-modulated DCs with purified naïve splenic CD4+ 
T-cells significantly higher percentages of Tregs were detected than when co-cultured with untreat-
ed DCs (p<0.01, p<0.05, respectively), whilst HMOS+butyrate-DC did not change proportion of 
Tregs compared with untreated iDC (Fig7A, B). 

In addition, a significant increase of Tbet+CD69+ population (Th1) was induced by HMOS mod-
ulated DCs compared with untreated DCs (p<0.05) (Fig7A, B). Upon LPS stimulation, all these 
three types of DCs, particularly HMOS+acetate-modulated DCs (p<0.01), significantly decreased 
the induction of Th1-cells. Unexpectedly, HMOS-DC primed significantly higher percentage of 
RORγT+CCR6+ (Th17) cells compared with untreated DCs (p<0.05), whereas DCs stimulated by 
addition of HMOS and butyrate exhibited relative lower percentage of Th17 cells than untreated 
DCs (Fig7A, B). The addition of LPS in the iDCs was effective in the induction of Th17-cells, how-
ever, in the presence of HMOS+butyrate, this effect was significantly reduced (p<0.01, Fig7A, B), 
which is in line with the reduced cytokine responses (IL-17) detected in vivo. The T-cells priming by 
different DCs was further supported by their cytokine profiles (Fig7C). Splenic naïve CD4+ T cells 
co-cultured with HMOS, and HMOS+butyrate modulated DCs released significantly higher levels 
of IL-10 compared with those co-cultured with untreated iDCs (p<0.05). Besides, LPS stimulated 
DCs induced higher secretion of IFN-γ and IL-6 by the co-cultured cells, and HMOS, HMOS+bu-
tyrate, and HMOS+acetate modulated DCs significantly dampened the release of IFN-γ (p<0.05, 
p<0.05, p<0.05, respectively), and IL-6 (p<0.01, p<0.01, p<0.01, respectively) upon LPS stimula-
tion (Fig7C). More importantly, all the Tregs primed by HMOS-, HMOS+butyrate-, HMOS+ace-
tate-modulated DCs displayed a significant higher suppressive capacity in effector T cells compared 
with untreated iDCs (p<0.05, p<0.05, p<0.05, Fig7D, E). These data collectively support that the 
induction of tDCs by HMOS and microbial derived metabolites may be involved in the prevention 
of diabetes as observed in NOD-mice receiving HMOS.
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FIGURE 7| HMOS-, HMOS+butyrate-, and HMOS+acetate-modulated DCs limit effector T cells and promote functional 

Tregs differentiation. (A) Co-cultured splenic naïve T cells were analyzed by flow cytometry, gating strategy shown in Fig S9. 

Representative plots of Foxp3+CD25+ (Treg), Tbet+CD69+ (Th1), and RORγT+CCR6+ (Th17) CD4 T cells primed by differ-

ent DCs are shown. (B) Percentage of Treg, Th1, and Th17 cells of CD4 cells primed by medium- (black bars), HMOS- (white 
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bars), HMOS+butyrate- (dark grey bars), HMOS+Acetate-DC (grey bars). (C) IL-10, IFN-γ, and IL-6 levels in the supernatant 

at day 6 from co-culture. (D) Representative plots and (E) the degree of responder T cell proliferation after co-culturing with 

Tregs primed by different DCs, gating strategy is shown in FigS10. CFSE-labeled naïve CD4+T cells as responder cells were 

co-cultured with Tregs primed by different DCs at ratio of 1:1 for 4 days, CD3/CD28 beads were used to activate the responder 

T cells. Proliferation of FITC-positive cells was analyzed by flow cytometry and suppressive functionality was determined by 

comparing the dividing (Div) CD4+ T cells. Data are presented as mean ± SEM, 4 independent allogenic stimulation assays and 

3 independent suppressive assays were performed. Statistical differences between groups are depicted as * p˂0.05, ** p<0.01 

and *** p<0.001 using Mann-Whitney U-test. 

DISCUSSION

Infants’ immune developmental challenge is, providing the ability to maintain tolerance towards 
self and innocent environmental antigens while inducing protective immunity against pathogens. 
Breastfeeding is inversely correlated with the risk of developing autoimmune T1D (34), without 
knowing the exact protective factors. Here we identified HMOS as critical factor within the anti-di-
abetogenic benefits of human milk. 
Protection beyond HMOS intervention might be mediated by beneficially modifying gut microbiota 
composition and metabolism, thus regulating the intestinal immunological aberrancies(35) and main-
taining the gut integrity. The interaction of microbiota composition and immune system in early 
development of T1D, suggest an important role for nutrition(36). The attenuated insulitis by HMOS 
is consistent with microbiota being a regulator of insulitis in NOD-mice(37). The loss of bacterial 
diversity and stability is observed in diabetic children and linked to immunological aberrancies38. 
In contrast to the successive declined of F/B ratio as observed during normal T1D development, 
HMOS dietary intervention clearly reversed this diabetes driven change overtime and displayed 
significantly higher ratio at Wk14 and Wk30 compared to control diet (Fig3B). Moreover, HMOS 
significantly promoted prevalence of probiotic-like bacteria such as SFB (order)(19) and Lachno-
spiraceae (family)(39), whereas a decrease in the prevalence of diabetogenic microbiome such as 
S24-7(family) was detected (Fig3D). In humans, lack of SCFAs-producing bacteria (particularly 
butyrate producers) in fecal microbiota has been associated with increased incidence of T1D (18, 22). 
One of the most striking results of this study is the increased RA of SCFAs producers in the feces of 
HMOS-treated NOD-mice, i.e. Akkermansia (found increased in NOD-mice receiving HMOS) and 
Provotella are mucin degraders, the presences of those specific genera have been suggested as use-
ful indicators of gut integrity. In time (this is also reflected in the specific genera), selective changes 
occur in the microbiome composition of mice receiving HMOS, suggesting possible improvement 
of gut integrity (22) via optimizing the gut microbiota composition. 

Bacterial metabolites (i.e. SCFAs) produced by commensal bacteria induced by HMOS may play a 
critical role in the protective effect through different modes of action. HMOS-derived SCFA chang-
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es may directly shape the pancreatic environment, resulting in less insulitis. In NOD-mice, SCFAs 
were shown to decrease inflammation and increased regulation, leading to protection against T1D 
(7). As in our study, NOD-mice treated with acetate demonstrated a strong inverse correlation be-
tween the concentration of acetate and insulitis score (8). In addition, the presence of luminal SCFAs, 
mainly butyrate, have been shown to regulate epithelial barrier function via promoting mucin syn-
thesis (40). Thus, it is tempting to speculate that increased butyrate concentration subsequently pro-
moting mucin synthesis, with corresponding improvement of barrier integrity, eventually leading to 
protection against T1D. However, HMOS-derived SCFAs may also modulate systemic and mucosal 
immune system directly. Observed protection is supported by the anti-diabetogenic cytokines pro-
file induced by HMOS: NOD-mice have an immune profile of excessive Th1- and Th17-polarized 
immune responses, which could promote pancreatic inflammation (41). Our observation that both IL-
17 and INF-γ were lowered, while IL-4 was elevated in the serum of non-diabetic mice of HMOS 
group only suggests that HMOS skewed over activated Th1/Th17 immune responses of NOD-mice 
toward a more balanced profile. In addition, the increased TNF-α levels in the late stage of disease 
contribute to reduced pancreatic islet destruction as detected in HMOS-treated NOD-mice (41, 42). 
Observed changes in Leptin favor pro-inflammatory cell responses and can directly influence de-
velopment of autoimmune disease mediated by Th1 immunity(43). Furthermore, the down-regulated 
serum IL-17 suggest regulation on gut microbiota-mediated Th17 immunity (44). 

Within NOD-mice the development of T1D can be linked to defects in development and/or func-
tions of dendritic cells, which have shown to be critical in eliciting the auto-immune reaction to 
beta cells within this model(45) The potential of tDCs in the prevention and treatment of autoimmune 
diseases through controlling effector and regulatory mechanisms relevant to the pathology of auto-
immunity (28, 46, 47) prompted us to study the direct immune modulating potential of HMOS. Indeed, 
both HMOS alone and concomitant administration of HMOS with specific SCFAs induced tolero-
genic phenotypes and regulatory cytokine microenvironment of BMDCs. Direct microbiota-inde-
pendent immune modulatory properties of HMOS, as well as induced tolerance, by HMOS and 
SCFAs, were demonstrated in accordance with increased percentage of functional Tregs. This direct 
interaction between DCs and HMOS and/or SCFAs may specifically occur early in life. These data 
together point to the possible role of HMOS plays in the direct and/or indirect immune regulation 
in lymphoid organs and/or pancreas in vivo, which might be responsible for the observed protective 
effects against T1D in NOD-mice.

In conclusion, supplementation of HMOS early in life has been shown to modulate immune re-
sponses in later life and can be an example of immunological programming, as well as microbiome 
colonization imprinting. We provide for the first time direct evidence that the complex mixture 
of HMOS, derived from human milk, contributes to the protection of human milk against T1D 
development. It is worth mentioning that HMOS dietary intervention given to the NOD-mice was 
only for a short period in the early life, it can be speculated that longer dietary intervention might 
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exert better protective effects since longer duration of breastfeeding has been demonstrated to be 
more protective than shorter period2,3. In future studies, attempts should be made to (1) compare the 
protective effects of long- and short-term HMOS dietary intervention against T1D, (2) investigate 
how HMOS modulate the immune responsiveness in e.g pancreas and MLN, (3) and understand the 
specific complex mixtures of short-chain and long-chain oligosaccharides of HMOS and their role 
in the protection against the development of autoimmune diseases.

METHODS

Human Milk Oligosaccharides
Mature human milk samples donated by healthy donors were pooled and the total fraction of HMOS 
was purified, resulting in authentic mixture of both short-chain as well as long-chain structures (in 
approx. 9/1 ratio), including fucosylated and /or sialylated, neutral and acidic oligosaccharides. This 
resulted in a mixture of 84% HMOS and 16% lactose. FigS2 shows the HPLC spectrum of HMOS 
used in our study. Separation and analysis were followed the methods as described previously(47). 
Briefly, the lactose was separated from complex mixture of HMOS by SBM chromatography with 
SEC gel (Toyopearl HW40C) as stationary phase. The total fraction of HMOS was analysed by 
high performance-size exclusion chromatography; columns: 2xTSK PWXL (300 mm x 7.6 mm 
I.D.) with precolumn (Tosoh Biosep GmbH, Stuttgart, Germany); eluent: 60°C deionized water; 
flow rate: 0.4 ml/min. (For details see: Geisser et al 2005)(48). The complex mixture of human milk 
oligosaccharides were added to AIN-93M rodent diet at 10g/Kg.

Mice 
Non-obese diabetic NOD/ShiLtJ female mice (4 weeks old) of specific pathogen free quality were 
obtained from The Jackson Laboratory, France. They were housed in sterile individually ventilated 
cages (IVC-cages) and provided with sterile water, bedding and chow. Food intake and body weight 
of the individual animal (g) were recorded once a week. The dietary intervention was provided be-
tween Wk 4 until Wk 10, after which the control diet (AIN-93M) was administered to both groups 
until week 30. The animals of each experimental group were spread over 5 cages consisting of 4 
animals per cage, and all cages of both groups together were placed according to a Latin-Square 
design. 

Ethic approval
The human milk sample collection, storage and use were approved and carried out according to 
European guidelines and regulations(48). All healthy donors (tested negative for Hepatitis and HIV) 
provided informed consent to use the voluntary provided human milk sample for Research Purpose 
in accordance with the Declaration of Helsinki. All experimental protocols and procedures were 
approved by the Ethical Committee of Animal Research of Utrecht University and the Central Com-
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mission for Animal use (Utrecht, The Netherlands, DEC NO. 2011.III.05.052.) and carried out in 
compliance with the principles of good laboratory animal care following the European Directive for 
the protection of animals used for scientific purposes.

Urine and blood glucose measurement
Mice were defined diabetic when weekly monitored urine glucose levels were above 300mg/dL on 
two consecutive measurements by a Diastix test strip. Glucose levels were confirmed by testing 
blood glucose > 12 mM using the Ascentia Breeze 2 (Bayer) blood glucose test strip by collecting 
one blood drop (via cheek punch) of the individual positive mice once a week. Results of blood glu-
cose levels in mice are presented as maximal measured levels of blood glucose in diabetic classified 
mice (mM). The study was stopped at week 30, whereby the animals were sacrificed and the organs 
harvested for further analysis.

Histology
To evaluate the impact of HMOS on the development of insulitis, pancreas were fixed in formalin 
and embedded in paraffin. 5μm sections were cut using a microtome (Leica Microsystems), and 
three or four sections were randomly chosen and measured for each pancreas. These were then de-
parrafinized, stained with Pertex mounting medium and viewed under a light microscope to assess 
mononuclear cell infiltration. The degree of insulitis in each animal was determined from several 
non-consecutive slides cut 100μm apart. Instead of scoring islet insulitis as simply present or not, 
a classification scheme was implemented for a more accurate statistical analysis. Every islet in 
each section was scored semi-quantitatively as follows: 0=No Insulitis; 1=Peri-Insulitis; 2=Insulitis 
affecting less than 50% of the islet area; 3=Insulitis affecting more than 50% of the islet area; 
4=Complete Insulitis. Average of 46 islets per animal was analyzed.

Cytokine measurement
Serum IL-2, IL-4, IL-6, IFN-γ, and TNF-α levels were assessed by Luminex multiplex bead assays 
(ProcartaPlex Mouse High Sensitivity 5-plex, eBioscience, The Netherlands) and IL-10, IL-17, and 
Leptin were assayed by Luminex multiplex bead assays (customized kit with combinations of IL-
10, IL-17, Leptin, eBioscience, The Netherlands) according to manufacturer’s instruction.

Microbiota profiling and bioinformatics analyses
Fecal pellets of NOD-mice collected from Wk4, Wk9, Wk14, and Wk30 were stored at -80°C and 
split into two aliquots for analysis of microbiota or SCFAs. Total DNA was extracted from NOD-
mice fecal samples (FastDNA bead-beating Spin Kit for Soil, MP Biomedicals, Solon, OH), ampli-
fied the V4 variable region of the microbial 16S rRNA gene (Earth Microbiome Project primer set, 
adapted for the Illumina platform)4and apply that protocol to sequence 24 microbial communities 
from host-associated and free-living environments. A critical question as more sequencing plat-
forms become available is whether biological conclusions derived on one platform are consistent 
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with what would be derived on a different platform. We show that the protocol developed for these 
instruments successfully recaptures known biological results, and additionally that biological con-
clusions are consistent across sequencing platforms (the HiSeq2000 versus the MiSeq(9), and se-
quenced on an Illumina MiSeq (2x151bp reads) at Argonne National Laboratory. Negative controls 
were used with each set of amplifications, which indicated no contamination. The raw sequence 
data (FASTQ files) were deposited in the National Center for Biotechnology Information (NCBI) 
Sequence Read Archive (SRA), under the BioProject identifier PRJNA362610.

Forward and reverse reads were merged and were quality trimmed and sequences shorter than 250 
bases were discarded. Sequences were screened for chimeras (usearch61 algorithm)(50), and putative 
chimeric sequences were removed from the dataset (QIIME v1.8.0)(51). Each sample sequence set 
was rarefied to 11,000 sequences(52) and data were pooled, renamed, and clustered into operational 
taxonomic units (OTU) at 97% similarity (usearch61 algorithm). Representative sequences from 
each OTU were extracted and classified using the uclust consensus taxonomy assigner (Greengenes 
13_8 reference database). A biological observation matrix (BIOM) (53) was generated at each taxo-
nomic level (“make OTU table” algorithm) and analyzed and visualized using the software pack-
age Primer7(54). Additionally, Primer7 was used to calculate alpha diversity indices, Bray-Curtis 
dissimilarity, and analysis of similarity (ANOSIM) measurements; ANOSIM was performed at the 
taxonomic level of genus, using square-root transformed data.

PICRUSt
In-silico community functional predictions were performed using PICRUSt (Phylogenetic Investi-
gation of Communities by Reconstruction of Unobserved States)(55) such as the 16S rRNA gene, is 
a key tool for studies of microbial communities but does not provide direct evidence of a commu-
nity’s functional capabilities. Here we describe PICRUSt (phylogenetic investigation of commu-
nities by reconstruction of unobserved states and significant differences in Kyoto Encyclopedia of 
Genes and Genomes (KEGG) functional pathway abundances between groups were identified after 
filtering to remove low abundance pathways (Kruskal-Wallis test, 1% filter threshold)(56). KEGG 
pathways were analyzed using the KEGG Mapper pathway search function(57).

SCFAs measurement
SCFAs-acetic acid, propionic acid and butyric acid in the fecal samples and cecum content were 
measured by Gas Chromatography- as described before(58). Briefly, the exact weight of Fecal pellets 
or cecum content were determined and 10x diluted with ice cold PBS (w/v,) homogenized exten-
sively, centrifuged and supernatants were stored at -80℃. SCFAs were quantitatively determined 
by a Varian 3800 gas chromatograph (GC) (Varian, Inc., Walnut Creek, U.S.A.) equipped with a 
flame ionization detector. 0.5μL of the sample was injected at 80 °C in the column (Stabilwax, 
15m×0.53mm, film thickness 1.00 μm, Restek Co., USA) using helium as carrier gas (3.0 psi). Data 
are expressed in mmol/g of fecal weight.
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Generation and treatment of DCs
Female, 6-10 week-old C57BL/6JOlaHsd surplus mice were provided to our animal facility at the 
Central Animal Laboratory (GDL), Utrecht University, The Netherlands. Bone marrow cells were 
isolated and cultured in RPMI 1640 medium (Gibco) supplemented with 10% FBS for 6 days with 
10ng/ml GM-CSF (Prosepec, The Netherlands) to obtain immature DC (iDC). HMOS (5mg/ml), 
identical to the batch used within the in vivo study, butyrate (2mM) (Sigma-Aldrich, The Nether-
lands), acetate (2mM) (Sigma-Aldrich, The Netherlands), propionate (2mM) (Sigma-Aldrich, The 
Netherlands), were added in the presence or absence of LPS (100ng/ml) (eBioscience, The Neth-
erlands) in the iDCs and incubated for 24 hours. iDCs treated with medium were used as control. 
Phenotypes of DCs were identified using flow cytometry.

Allogenic Stimulation Assay (ASA) of Naïve T cell 
Naïve CD4+ T-cells were isolated from spleen using the negative selection kit (Miltenyi Biotec, The 
Netherlands). A total of 1x10 (5) purified naïve T-cells were co-cultured with treated DCs at a 1:10 
ratio in a 96-well U-bottom culture plates for 6 days. T-cell subpopulations were then stained with 
antibodies and identified by flow cytometry, the gating strategy of T cells subpopulations is shown 
in FigS9. Supernatant was collected at day 6.

Suppressive assay
To assess the suppressive functionality of regulatory T cells primed by different DCs, whole 
T cells were harvested from the ASA 96-well plate on day 6, and Tregs were isolated using 
CD4+CD25+ T-cell isolation kit (Miltenyi Biotec, The Netherlands) and co-incubated with 
allogenic freshly isolated responder T cells at a ratio of 1:1 for five days in 96-well U-bottom 
culture plates. Dynabeads® Mouse T-Activator CD3/CD28 (Thermo Fisher, The Netherlands) were 
added. Responder cells were stained with Cell Trace CFSE dye (Thermo Fisher, The Netherlands) 
according to the manufacturers’ instructions at a final concentration of 1uM and FITC-positive 
cells were acquired. On day 5, the mix of ASA cells and CFSE labeled responder CD4+ T cells 
was stained with CD4 APC (eBioscience, the Netherlands). Suppressive capacity was determined 
by setting gates on proliferated cells and comparing the percentage of proliferated cells of different 
conditions. The gating strategy is shown in FigS10.

Antibodies and Flow cytometry
DCs were harvest after 24h treatment and stained with different antibodies raised against specific 
surface markers: Anti-CD11C- PerCP-Cy5.5, Anti-CD86-APC, Anti-CD40-FITC, Anti-CD80-
PE-Cy7, Anti-MHCII-PE, Anti-CD274 (PD-L1)-PE, Anti-CD273(PD-L2)-FITC, Anti-OX40-L-
APC for 30mins. Co-cultured cells were harvest and then mixed with different antibodies raised 
against specific surface markers: Anti-CD4-PerCP-Cy5.5 (eBioscience, The Netherlands), anti-
CD25-FITC (eBioscience, The Netherlands), anti-CD69-PE (eBioscience, The Netherlands), anti-
CCR-6-PE (eBioscience, The Netherlands), for 30 minutes. Staining for intracellular markers were 
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performed according manufacturer’s protocol, (eBioscience, Foxp3 staining set, Bio connect, The 
Netherlands). Antibodies used for intracellular markers where anti-Foxp3-PE-Cy7 (eBioscience, 
the Netherlands), anti-RORγt-PE (eBioscience, The Netherlands). Matching Isotype controls were 
used to minimize the influence of nonspecific binding and proper gate setting. All incubations were 
performed on ice and protected from light. In total a minimum of 50,000 cells were counted and 
analyzed using FACS Canto II and FACS Diva software (BD Biosciences, The Netherlands).

ELISAs 
Culture supernatants of DCs at 24h, and co-culture cells at 72h were collected for the presence 
of cytokines using the Elisa kits. Direct ex vivo cytokine secretion was analyzed using IFN-γ, 
IL-6, IL-10, IL-12p70 capture and detection Ab (eBioscience, The Netherlands) according to the 
manufacturer’s instructions.

Statistics 
Statistical analysis was performed using GraphPad Prism 6 software. Incidence of diabetes is shown 
as percentage of diabetic animals in the experimental groups and Log-rank test was performed 
for significant differences. Data represent mean ± SEM. Statistical analysis on histopathological 
parameters was performed with the nonparametric Mann–Whitney test. Differences between mean 
insulitis scores were evaluated using a one-way analysis of variance (ANOVA), with post hoc com-
parison by the (LSD) method. For the microbiota analysis, differences in relative abundance of 
individual taxa (>1% of dataset), between fecal samples, were assessed for significance using the 
Kruskal-Wallis test controlling for false-discovery rate, implemented within the software package 
QIIME (51). In SPSS, independent t-test or ANOVA were used to analyze differences for parametric 
data satisfying test assumptions; Mann-Whitney U (MWU) test or Kruskal-Wallis were used to an-
alyze nonparametric data. PICRUSt analysis significance was accepted at (p˂0.05), but failed when 
corrected for FDR-P.
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SUPPLEMENTARY FILES

 

FIGURE S1| Average body weight of NOD mice fed with HMOS or control diet overtime. Dietary intervention with HMOS 

does not change the body weight comapred with non-treatment. 
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FIGURE S2| The spectrum of HMOS bility in the microbial community in Week 30 HMOS Non-Diabetic mice. Broad microbi-

al variability at Week 30 HMOS Non-Diabetic mice could indicate that HMOS is not specific to just one taxa, but HMOS could 

be altering a greater number of taxa in the overall microbial community.

FIGURE S3| Ratio of Firmicutes/Bacteroidetes in diabetic and non-diabetic mice 
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FIGURE S4| The Bray Curtis dissimilarity index. Samples from NOD-mice were devided into diabetic and non-diabetic sub-

groups. There is greater dissimilarity and variability in the microbial community in Week 30 HMOS Non-Diabetic mice. Broad 

microbial variability at Week 30 HMOS Non-Diabetic mice could indicate that HMOS is not specific to just one taxa, but HMOS 

could be altering a greater number of taxa in the overall microbial community.

FIGURE S5| PICRUSt-predicted metagenomes between the ratio of HMOS non-diabetic to Control non-diabetic mice fecal 

samples. Feces represent different log10 value fold change functional pathways identified by PICRUSt software (P<0.05); 3 

pathways were higher abundant in HMOS non-diabetic relative to control non-diabetic NOD-mice.
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FIGURE S6| SCFAs production in caecum content. 

FIGURE S7| The gating strategy used to identify expression of surface markers on DCs. 
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FIGURE S8| Effect polymyxin B on HMOS induced surface markers expression (A) and IL-10 secretion (B). HMOS contaning 

medium was pre-incubated with 10ug/ml polymyxin B for 2h before adding to iDCs for 24h. The expression of CD86, MHC-

II, PD-L1on DCs and IL-10 secretion on the DCs supernatant were analyzed. No significant difference was observed between 

HMOS and pre-treated HMOS. The histograms shown were from one representative experiment and cytokines results were from 

two independent experiments. 
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FIGURE S9| The gating strategy used to identify the different CD4+ T-cell subpopulations
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FIGURE S10| The gating strategy used to determine CD4 T cells proliferation. 
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ABSTRACT

Infants receiving breastmilk have a reduced risk for infections and the development of immune 
disorders compared to formula-fed infants. Human milk oligosaccharides (HMOS) are a complex 
mixture of bioactive components suggested to support the immune development of breastfed in-
fants. Dendritic Cells (DCs) play a central role in the regulation of immune responses, being spe-
cialized in antigen presentation and drive T-cell priming as well as differentiation. However, little 
is known about the direct effects of HMOS on modulating phenotype and functions of human DCs. 
Here, we report that HMOS mixture isolated from pooled human milk, induce semi-maturation of 
human monocytes-derived DCs (moDCs). The interaction of HMOS with immature moDCs result 
in elevated IL-10, IL-27 levels but not IL-12p70 and TNF-a, suggesting a regulatory phenotype of 
DCs. Consistent with the phenotype, HMOS-conditioned human moDCs promoted the Foxp3+Treg 
generation from naïve CD4+ T. Interestingly, LPS-induced maturation of human moDCs was lim-
ited in the presence of HMOS. While maintaining the increased IL-10 and IL-27 expression and 
secretion by human moDCs, a reduced LPS-induced production of IL-12p70, IL-6 and TNF-a was 
detected. Furthermore, HMOS+LPS-DCs induced a higher Foxp3+Tregs frequency and IL-10 pro-
duction, while a lower Tbet+Th1 frequency and IFN-g production compared to LPS-DCs. The regu-
latory effects of HMOS seemed to be mediated by interactions of HMOS with TLR4 and DC-SIGN 
receptors on the human moDCs according to our blocking assays. In conclusion, HMOS contains 
tolerogenic factors influencing human moDCs which can subsequently can modulate early life im-
mune development. 

Keywords 
Human milk oligosaccharides, tolerance, IL-10, Foxp3+Treg, DC-SIGN, TLR4, immune develop-
ment, DC maturation.
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INTRODUCTION

In the past decades, there has been a growing appreciation that breast milk beneficially supports 
the innate immune system1 and modifies the microbiota composition during the first months of 
life. Breastfeeding is known to reduce the risk of inflammatory diseases(2), infectious diseases(3,4), 
asthma and allergic disease(5), as well as autoimmune diseases(6). Among the various bioactive com-
ponents in breast milk, human milk oligosaccharides (HMOS) have been suggested to play a key 
role(7,8). HMOS are a diverse mixture of over 200 individual oligosaccharides that belong to differ-
ent core structures consisting of short chain and long chain oligosaccharides typically present in 
a 9:1 ratio. The most abundant oligosaccharides present in human milk(9,10), are 2’-Fucosyllactose 
(2’FL), 3’-Sialyllactose (3’SL), 6’-Sialyllactose (6’SL), and Lacto-N-Fucopentaose I (LNFP-I) , 
with a disaccharide lactose backbone at the reducing end, consisting of glucose, galactose, N-ace-
tyl-glucosamine, fucose and sialic acid(7,11). Despite facilitating the outgrowth of specific bacteria 
by serving as metabolic substrates, thereby beneficially shaping the microbiota composition and 
metabolism(12), HMOS may also directly modulate the immune system responses and its develop-
ment. It is known that HMOS is sampled by the lamina propria residing dendritic cells (DCs)(13). In 
addition, some structures have been detected in systemic circulation, suggesting absorption in the 
small intestine(14,15). These findings together imply direct interaction possibilities between HMOS 
and human DCs. 

DCs are pivotal in the regulation and development of innate and adaptive immune responses during 
infections and inflammatory diseases. Upon sensing environmental signals DCs mature and adjust 
their cytokine microenvironment. In addition, DCs migrate from the peripheral tissues into and 
within secondary lymphoid organs, to induce and regulate effector T cell responses. One sub-pop-
ulation of DCs, the so called tolerogenic dendritic cell (tDC)(16,17), are featured by lower levels of 
co-stimulatory molecules such as CD80, CD86, CD40, but high expression of inhibitory markers 
such as PD-L1 and OX40L. These tDCs have a reduced inflammatory cytokine production such as 
IL-12, IL-4, IL-6, and TNF-α, but elevated regulatory cytokine production such as IL-10, TGF-β, 
and IL-27. More importantly, tDCs are functional regulatory T cells (Tregs) inducers. Tregs exert 
their immunosuppressive capacity through a variety of mechanisms affecting again both DCs and 
effector T cells(18). Since the neonatal immune system is characterized by an immature Th1 immune 
responsiveness but can be characterized by a predominant Th2 activity(19), tDCs can be seen as 
potential targets for prevention and treatment of autoimmune diabetes(20) and allergic diseases(16) 
during infancy. 

The induction of tDCs have been experimentally achieved by tolerogenic factors such as prebiotic 
oligosaccharides and some commercially available individual HMOS. In human monocytes derived 
DCs (moDCs), a mixture of short-chain galacto-oligosaccharides (scGOS) and long-chain fruc-
to-oligosaccharides (lcFOS) at a ratio of 9:1, directly modulated DCs phenotype. Both cytokine, 
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chemokine production, and T-cell priming was modulated in a TLR4-mediated manner in vitro(21). In 
a murine colitis model, pro-inflammatory stimulation was induced by 3’SL, possibly through direct 
recognition by intestinal DCs in a TLR4-dependent manner, whereas 6’SL was not able alter the 
DCs(22). Due to the immature immune system of neonates, it can be suggested that naturally occur-
ring milk oligosaccharides like 3’SL may provide structural cues to educate the early innate immune 
system and prepare the infant for a possible encounter with pathogenic bacteria. 

Despite advances within this field, there is scarce data regarding possible direct immunomodulatory 
effects of the naturally occurring HMOS mixture on human DCs phenotype and subsequent DC-
T-cell interaction. Consequently, the underlying mechanism through which HMOS may exert their 
immunomodulatory effects on human DCs remains unclear. Several receptors through which specif-
ic HMOS structures may exert their immunomodulatory effects on DCs have been postulated. For 
example, the LPS recognizing TLR4 on DCs was suggested to be involved in the effects of 3’FL on 
DCs both in vitro(23) as well as in vivo(22). TLR4 has also been suggested to bind to LNFP III which 
subsequently promoted Th2-like responses(24), although part may possible by induced by possible 
endotoxin contamination(23). In addition, DC-specific intercellular adhesion molecule-3-grabbing 
non-integrin (DC-SIGN) has been suggested to be a major receptor of a-fucosylated HMOS spe-
cifically(25); and sialic acid binding immunoglobulin-like lectins (Siglecs) have been shown to bind 
sialyllactose oligosaccharides from human milk(25). However, whether these postulated interactions 
are responsible for distinct biological effects of specific HMOS on DCs remains to be established.

Therefore, we set out to assess whether and through which molecular mechanisms HMOS influenc-
es the phenotype and function of human moDCs. In addition, the influence of HMOS on LPS-driven 
maturation and functionality of human moDCs was tested. The results indicate that HMOS can 
induce human tDCs, thereby supporting the immune developmental capacity of human milk. Identi-
fication of possible receptors involved in the induction of this regulatory phenotype by HMOS may 
provide new insight into the cellular and molecular mechanisms through which HMOS can exert 
their immunomodulatory effects in humans.

MATERIALS AND METHODS

Authentic Human Milk Oligosaccharides 
HMOS were isolated and purified from pooled mature human milk samples donated by healthy 
donors as described previously(26). This authentic HMOS mixture consists of both long-chain as 
well as short-chain structures, (in approx. 9/1 ratio), including fucosylated and /or sialylated neutral 
and acidic oligosaccharides, in total 84% HMOS and 16% lactose. The structural distribution used 
in the current study is shown in Figure S1. structure analysis was performed using gel permeation 
chromatography (GPC), as previously described(27,28). 

106

5

CHAPTER 5



Generation, Stimulation and Analysis of Human Monocyte-Derived Dendritic Cells
To generate monocytes-derived dendritic cells (moDCs), human PBMCs were isolated from buffy 
coats by means of density gradient centrifugation using LeucoSep tubes (Greiner). CD14+ mono-
cytes were isolated by CD14 MicroBeads (Miltenyi Biotec) and cultured in RPMI-1640 with L-Glu-
tamine supplemented with 10% fetal calf serum (Bodinco), 100U/ml penicillin/streptomycin, 10 
mM HEPES, 1 mM sodium pyruvate and Eagles minimum essential medium (MEM) non-essential 
amino acids (all from Gibco Life Technologies) in the presence of 500 U/ml IL-4 and 800 U/ml 
GM-CSF (both ProSpec). The monocytes were cultured in a 5% CO2 incubator at 37°C. Immature 
moDCs were harvested at day 6 and seeded into a 12-wells plate (Greiner) at a density of 5 x 105 
cells/well in culture medium without IL-4 and GM-CSF. Immature DCs were either left unstimu-
lated (iDCs, control) or treated with HMOS (0.8, 2, 5mg/ml) in the presence or absence of 100ng/
ml ultrapure LPS (E. coli 026: B6 strain, eBioscience, the Netherlands). After 24h of stimulation, 
DCs were collected and analyzed by flow cytometry (FACS Canto II). Cells were first stained for 
viability using Fixable viability dye eFluor 780 (eBioscience, the Netherlands), followed by extra-
cellular staining of surface markers CD14 (APC), CD80 (PE), CD86 (PE), CD40 (FITC), HLA-DR 
(PerCp Cy5.5) and PD-L1 (APC), OX40L (PerCP-Cy5.5), CXCR3 (FITC), CCR7 (PerCP-Cy5.5), 
DC-SIGN (PE), TLR4 (PE-cy7). Furthermore, supernatant was collected and stored at -80°C to 
measure cytokine levels IL-4, IL-6, IL-10, IL12p70, IL-27, and TNF-α by Elisa according to the 
manufacturer’s protocol (all the Elisa kits were purchased from eBioscience, the Netherlands). 

Allogenic Stimulation Assay (ASA) of Naïve CD4+ T-cell 
For analysis of DC induced T-cell polarization, 24 h-stimulated moDCs (as described above) were 
co-cultured with allogenic naïve CD4+ T cells for 6-7 days in a 96-well U-bottom plate (Greiner) 
at a 1:10 ratio in RPMI-1640 with L-Glutamine supplemented with 10% fetal calf serum, 100 U/
ml penicillin/streptomycin, 10 mM HEPES, 1 mM sodium pyruvate and MEM non-essential amino 
acids. The naïve CD4+ T cells were purified from PBMCs by MACS (Naïve CD4+ T-cell isolation 
kit II, Miltenyi Biotec), purity was around 98% as assessed by flow cytometry after isolation. After 
6-7 days of co-culture, supernatant was collected and stored at -80°C until measurement of cytokine 
levels (IFN-g, IL-10, and IL-4) by ELISA (all kits from eBioscience, the Netherlands). Furthermore, 
the polarization of T-cells were analyzed using flow cytometry. Cells were first stained for viability 
using FVD (APC-Cy7), followed by extracellular staining of CD4 (PerCp-Cy5.5), CD25 (FITC) 
and CD69 (FITC). Cells were fixed and permeabilized using the Foxp3 fixation/permeabilization 
kit (eBioscience, the Netherlands). Subsequently, cells were stained for intracellular markers FoxP3 
(PE-Cy7), GATA3 (PE) and Tbet (PE-Cy7). All antibodies were purchased from eBioscience (The 
Netherlands). 

mRNA Isolation and Quantitative Real-time PCR
mRNA was extracted from snap-frozen 16h-stimulated moDCs using a NucleoSpin® RNA Plus kit 
(Macherey-Nagel, Gemmany) in combination with the rDNAse set (Macherey-Nagel, Germmany) 

107

5

HUMAN MILK OLIGOSACCHARIDES PROVIDE IMMUNE TOLERANCE VIA INTERACTION WITH DC-SIGN AS WELL AS TLR4



to remove contaminating DNA. cDNA was synthesized using an iScript™ advanced kit (Bio-Rad, 
USA) according to the manufacturer’s protocol in the PTC-100 Programmable Thermal Controller 
(MJ research, PTC-100). cDNA and mRNA samples were stored at -80°C. Quantitative analysis was 
performed on a CFX96 Real-Time C1000 Thermal Cycler detection system with the use of an IQ™ 
SYBR® Green Supermix, according to manufacturer’s protocol (both from Bio-Rad). Primers for 
the genes of interest are listed in Table 1. Primers (produced by Biolegend, USA) were designed 
with Primerblast (NCBI, USA) and Beacon Designer (Premier Biosoft International, USA). Primers 
were validated based on the efficiency and R2. Primer specificity was tested by running the products 
on a 2% agarose gel (70 minutes; 110V). The expression of the genes of interest was determined 
using 12.5ng cDNA and SYBR green (Bio-rad, USA). The RT-PCR protocol consists of 3 minutes 
at 95°C followed by 10 seconds at 95°C and 30 seconds at the optimal primer annealing temperature 
as determined on forehand. The samples were measured in duplo and the mean of the Ct values was 
used to determine the relative expression with use of the Pflaff method, using β-actin as a reference 
gene. 

TABLE 1| Sequences of specific primers for detected genes.

Gene ID Forward primer sequence Reverse primer sequence 

CD80 GCAGGGAACATCACCATCCA ACGTGGATAACACCTGAACAGA

CD86 CACGGATGAGTGGGGTCATT AAGTTAGCAGAGAGCAGGAAGG

CD40 TGGTGAGTCCTGGACAATGG ACCTTTTTGATAAAGACCAGCACCA

HLA-DRA AGCACTGGGAGTTTGATGCT GCTTTTGCGCAATCCCTTGA

HLA-DRB CCCTGAGTGAGACTTGCCTG GAAACGTGGTCGGGTGTCC

PD-L1 GTGAAAGTCAATGCCCCATACA TGTCCAGATGACTTCGGCCT

IL-10 TACGGCGCTGTCATCGATTT TAGAGTCGCCACCCTGATGT

IL-27p28 GAGCAGCTCCCTGATGTTTC AGCTGCATCCTCTCCATGTT

IL-12p40 AGGGACATCATCAAACCTGACC GCTGAGGTCTTGTCCGTGAA

IL-6 CAACCCCCAATAAATATAGGACTGG GGACCGAAGGCGCTTGTG

TGF-β CCGTGGAGGGGAAATTGAG TGAACCCGTTGATGTCCACTT

TNF-α CCTGCTGCACTTTGGAGTGA GAGGGTTTGCTACAACATGGG

CCR7 TGTGGTTTTACCGCCCAGAG TGACACAGGCATACCTGGAAAA

CXCR3 TGGTCCTTGAGGTGAGTG GCACGAGTCACTCTCGTTTT

b-actin AGCACAGAGCCTCGCCTTT CATCACGCCCTGGTGCCT

Functional T cell suppression Assay
To analyze the suppressive capacity of the different DC-induced T cells, cells were harvested 
from the ASA 96-well plate on day 7, thoroughly washed and co-incubated with allogenic freshly 
isolated responder CD4+T cells from PBMCs at a ratio of 1:1, 1:2, and 1:4 for in 96-well U-bottom 
culture plates. To track the proliferation of responder T cells in the suppression assay, responder 
cells were pre-labeled with CFSE (Thermo Fisher Scientific, The Netherlands) according to the 
manufacturers’ instructions, at a final concentration of 1uM. Dynabeads® human T-Activator CD3/
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CD28 (Thermo Fisher Scientific, The Netherlands) were added to activate the responder T cells. 
After 5 days, the mix of ASA cells and CFSE labeled responder CD4+ T cells were stained with 
Fixable viability dye eFluor 780 and CD4 APC (both eBioscience, the Netherlands). Suppressive 
capacity was determined by setting gates on proliferated CD4+ T-cell and comparing the percentage 
of proliferated cells of different conditions. 

DC-SIGN and TLR4 Blocking Assays
Immature human moDCs were pre-incubated with anti-TLR4 and anti-DC-SIGN (both are pur-
chased from Abcam, the Netherlands) for two hours before adding HMOS and/or LPS, cells were 
then cultured for 24 h to collect supernatant for the measurement of IL-10 and IL-12p70. Treated 
DCs were thoroughly washed and co-cultured with isolated purified naïve CD4+ T cells for the 
measurement of Treg generation by flow cytometry.

Ethics Statement
For this study, buffy coats of healthy donors were purchased from Sanquin (Amsterdam) as a source 
of peripheral blood mononuclear cells (PBMCs). The human milk sample collection, storage and 
use were approved and carried out in accordance to European guidelines and regulations and de-
scribed in27. All healthy donors (tested negative for Hepatitis and HIV) provided informed consent 
to use the voluntary provided human milk sample for Research Purpose in accordance with the 
Declaration of Helsinki. As such, no further ethical approval was required for these studies.

Statistics
Statistical analysis was performed using GraphPad Prism 7.0 (GraphPad Software, La Jolla, CA, 
USA). Unpaired students t-test followed by a Welch’s correction was used to assess differences 
between two conditions. p<0.05 was considered as significant. Data were represented as mean ± 
SEM..

RESULTS

HMOS Induce Semi-maturation and Attenuate LPS-induced Activation of Human 
moDCs
It has been suggested that the tolerogenic function of tDCs is determined by their activation status. 
DCs with tolerogenic function are often semi-matured (reduced expression of surface markers like 
MHC-II) with lack of pro-inflammatory cytokines production but capable to interfere with activa-
tion induced by pro-inflammatory signals like LPS(16). To test how HMOS influences the expression 
of MHC-II and costimulatory molecules on human moDCs and during co-stimulation with LPS, 
flow cytometry and qPCR analysis were performed. Stimulation of immature DCs with LPS and/or 
HMOS at the highest concentration (5mg/ml) did not affect the cell viability (supplementary Fig-
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ure 2). Within a physiological relevant concentration range from 0.8 to 5.0mg/ml(9,10), HMOS upreg-
ulated protein expression of HLA-DR (p<0.05 for HMOS at 5.0mg/ml), co-stimulatory molecules 
CD80 (p<0.05 and p<0.001 for HMOS at 2.0 and 5.0mg/ml, respectively), CD86 (p<0.05, p<0.05, 
and p<0.001 for HMOS at 0.8, 2 and 5mg/ml, respectively), and CD40 (p<0.05 for HMOS at 5mg/
ml) in a dose-dependent manner, but not to a full extent, compared to the LPS-induced increase of 
these surface molecules. In addition, HMOS upregulated expression of inhibitory markers PD-L1 
(p<0.01, p<0.01, and p<0.001 for HMOS at 0.8, 2 and 5mg/ml, respectively), while down-regu-
lating the expression of OX40L (p<0.05 and p<0.05 for HMOS at 0.8 and 2mg/ml, respectively) 
compared to untreated control DCs (Figure 1B, C). At mRNA level, HMOS at 5mg/ml did not 
significantly influence the expression of the surface markers except for a significant downregulation 
in HLA-DRA (p<0.05) and HLA-DRB (p<0.05) (Figure 1D). These data suggest that HMOS ad-
dition to immature PBMC derived human moDC induce semi-maturation as compared to untreated 
control DCs and LPS-induced fully matured DCs. LPS alone induced significant levels of CD80 
(p<0.0001), CD86 (p<0.0001), CD40 (p<0.001), and HLA-DR (p<0.05) compared to untreated 
DCs. With a co-incubation of HMOS and LPS, the protein expression of CD80, CD86, and CD40 
were suppressed significantly in a dose-dependent manner, while no change in expression of the 
inhibitory marker PD-L1 was detected and expression of OX40L was decreased as compared to 
LPS alone (Figure 1B, C). At mRNA level, LPS increased the mRNA expression of CD80 (p<0.05) 
and CD40 (p<0.05) compared to untreated control. Co-incubation with HMOS and LPS slightly 
decreased the CD80 (p=0.05) mRNA levels but significantly increased the mRNA expression of 
PD-L1 (p<0.05) compared to LPS alone (Figure 1D). These findings indicate that HMOS co-incu-
bation interferes with the LPS-induced maturation of human moDCs.

Importantly, observed effects of HMOS seemed not likely to be induced due to potential LPS con-
tamination as analyzed using polymyxin B pretreatment experiments. In a control assay, polymyxin 
B (PB), an antibiotic recognized for its LPS-neutralizing effects, was added to LPS and HMOS 
(5mg/ml) solution before treating the moDCs, and expression of CD80 and IL-10 production were 
assessed. Addition of PB effectively abolished LPS-induced upregulation of CD80 (sFigure 3A, 
p<0.05, LPS vs LPS+PB) and IL-10 production (sFigure 3B, p<0.05, LPS vs LPS+PB) of DCs, 
indicating the neutralizing effects of PB on LPS in this human moDC model. However, no dif-
ference was observed in HMOS-induced CD80 expression (sFigure 3A, no significance between 
HMOS and HMOS+PB) and IL-10 production (sFigure 3B, no significance between HMOS and 
HMOS+PB) by adding PB. These results indicate that a potential LPS contamination within HMOS 
was not sufficient to induce HMOS-related effects.
 
HMOS Induces an Anti-inflammatory Cytokine profile in Human moDCs
Only surface expression level changes on human moDCs are not sufficient to asses the dendritic cell 
function. Therefore, first the cytokine production was determined in supernatants of human moDCs 
treated with HMOS. An increase in the regulatory cytokine IL-10 (Figure 2A, p<0.01, p<0.001, 
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and p<0.001 for HMOS at 0.8, 2, and 5mg/ml, respectively) and IL-27 (Figure 2B, p<0.05 for 
HMOS at 5mg/ml) production was detected in the supernatant of HMOS-conditioned DCs. Where-
as no difference was detected in the Th1-type of cytokine IL-12p70 (Figure 2C) and Th2-type of 
cytokine IL-4 (Figure 2D) production between HMOS-conditioned DCs and untreated control DCs. 
Surprisingly, an increase in the pro-inflammatory cytokine IL-6 was detected in the supernatant of 
HMOS-conditioned DCs (Figure 2E, p<0.01 and p<0.01 for HMOS at 0.8 and 5mg/ml, respec-
tively). 

FIGURE 1| HMOS induce semi-maturation and attenuate LPS-induced activation in human moDCs. (A) Gating strategy 

of CD14-DCs. (B) Representative histograms of (C) Median Florescence Intensity (MFI) of co-stimulatory molecules CD80, 

CD86, CD40, and HLA-DR, and inhibitory molecules PD-L1 and OX40L expression of DCs treated by medium, LPS, HMOS 

(0.8, 2, 5mg/ml), and HMOS+LPS. Open histograms represent isotype mAb staining. The y-axis of the column bar graphs shows 

the relative expression of surface markers obtained by setting medium control as 1-fold within one experiment and for each do-

nor. (D) mRNA levels of co-stimulatory molecules CD80, CD86, CD40, and HLA-DRA, HLA-DRB, and inhibitory molecules 

PD-L1 expression of DCs treated by medium, LPS, HMOS (5mg/ml), and HMOS+LPS. The y-axis of the column bar graphs 

shows the relative mRNA expression obtained by setting medium control as 1-fold within one experiment and for each donor. 

Immature DCs were generated from human PBMC derived monocytes, on day 6 immature DCs were stimulated with either 

medium (control), or HMOS (0.8, 2, 5mg/ml) in the presence or absence of 100ng/ml LPS. DCs were collected at 24h for flow 

cytometry analysis or at 16h for mRNA levels by qPCR analysis. Results are presented as mean ± SEM (N=7-9 for flow cytom-
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etry analysis, and N=4 for QPCR analysis). *p<0.05, **p<0.01, ***p<0.001, unpaired student’s t test with Welch’s correction.

No significant effect was detected in the pro-inflammatory cytokine TNF-a production of human 
moDCs by HMOS (Figure 2E). Stimulation of human moDCs with LPS effectively elevated the re-
lease of IL-10 (Figure 2A, p<0.001), IL-12p70 (Figure 2C, p<0.0001), IL-6 (Figure 2E, p<0.01) 
and TNF-α (Figure 2F, p=0.05) levels in the supernatant of moDCs compared to untreated control, 
while no effect on the DCs production of IL-27 (Figure 2B) and IL-4 (Figure 2E) was detected by 
LPS stimulation. Co-incubation of HMOS and LPS significantly increased levels of IL-10 (Figure 
2A, p<0.05 and p<0.01 for HMOS at 2 and 5mg/ml, respectively) and IL-27 (Figure 2F, p<0.05 
for HMOS at 5mg/ml) in the supernatant of moDCs as compared to control DCs. On the other hand 
co-incubation of HMOS and LPS completely suppressed the release of pro-inflammatory cytokines 
IL-12p70 (Figure 2C, p<0.05 and p<0.0001 for HMOS at 2 and 5mg/ml, respectively), IL-6 (Fig-
ure 2E, p<0.01 and p<0.01 for HMOS at 0.8 and 2mg/ml, respectively), and TNF-α (Figure 2F, 
p<0.05 for HMOS at 0.8mg/ml) as compared to LPS treated DCs. Consistently, at mRNA level, an 
increased expression of IL-10 (Figure 2G), IL-27 (Figure 2H) and IL-6 (Figure 2K) was detected 
in the DCs treated by HMOS (5mg/ml) as compared to control DCs. No differences in mRNA lev-
els of IL-12p40 (Figure 2I) and TNF-a (Figure 2L) expression were observed between DCs with 
different treatments. Within DCs treated with HMOS+LPS, the mRNA levels of IL-12p40 (Figure 
2I) and IL-6 (Figure 2K) expression was found increased as compared to non-treated DCs. These 
results indicate that the addition of HMOS alone to moDCs results in cytokine production with a 
more regulatory phenotype, in addition LPS-induced maturation and (pro-)inflammatory cytokine 
release by human moDCs was inhibited by co-incubating with HMOS.

FIGURE 2| HMOS increase anti-inflammatory cytokines and suppress LPS-induced pro-inflammatory cytokines release 

by human moDCs. Production of (A) IL-10, (B) IL-27, (C) IL-12p70, (D) IL-4, (E) IL-6, and (F) TNF-α by DCs treated with 

medium, HMOS at 0.8, 2 and 5mg/ml in the presence or absence of 100ng/ml LPS. mRNA expression of (G) IL-10, (H) IL-27, 

(I) IL-12p40, (J) TGF-β, (K) IL-6, and (L) TNF-α of DCs treated with medium, 5mg/ml HMOS, LPS or 5mg/ml HMOS+LPS. 

Immature DCs were stimulated with either medium (control), 100 ng/ml LPS (positive control), (0.8, 2 or 5 mg/ml) HMOS or 

HMOS in the presence of 100 ng/ml LPS. After 24 hours, supernatants were collected and analyzed for IL-10 (A), IL-12p70 
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(B), IL-6 (C), TNF-a, and IL-27 release by ELISA assays and cells were collected for QPCR analysis. Results are presented as 

mean ± SEM (N=6-9 for Elisa assays and N=4 for QPCR analysis). For panel G-L, the y-axis of the column bar graphs shows 

the relative mRNA expression obtained by setting medium control as 1-fold within one experiment and for each donor. *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001, unpaired student’s t test with Welch’s correction.

Migration Markers Induction of Human moDCs by HMOS 
Another feature of the previously described semi-mature tolerogenic DCs is their lymph node or 
inflamed site homing potential, by which DCs can guide T cells to their anatomical locations. To 
assess the effect of HMOS-conditioned DCs, we examined the expression of chemokine receptors 
CCR7 and CXCR3, known to enable DCs migrate to lymphoid organs and inflammatory lesions, 
respectively29. pre-incubation of HMOS (5mg/ml) significantly upregulated the expression of both 
CCR7 (Figure 3B, p<0.05; Figure 3D, p<0.05) and CXCR3 (Figure 3C, p<0.05; Figure 3E, 
p<0.05) on moDCs at both the protein and mRNA levels respectively, compared to untreated con-
trol DCs. LPS has previously been demonstrated to be essential for the induction of migratory activ-
ity in tolerogenic DCs30”container-title”:”Journal of Leukocyte Biology”,”page”:”243-250”,”vol-
ume”:”85”,”issue”:”2”,”abstract”:”Autoimmune pathologies are caused by a breakdown in 
self-tolerance. Tolerogenic dendritic cells (tolDC. Upon LPS stimulation, CCR7 mRNA expression 
was increased (Figure 3D, p<0.05). Upon addition of both HMOS and LPS, an increased expres-
sion of CCR7 and CXCR3 at both protein and mRNA levels were detected compared to untreated 
control (Figure 3B-D). The increase in expression of CCR7 and CXCR3 suggests that HMOS may 
be able to equip human DCs with capacity to migrate to lymphoid organs and inflammatory lesion, 
respectively. In addition, LPS stimulation seems to enhance this capacity.
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FIGURE 3| HMOS increased migratory markers expression on human moDCs. (A) Representative histograms of CCR7 

and CXCR3 expression on the DCs treated by medium, LPS, HMOS (5mg/ml), and HMOS (5mg/ml) + LPS. Open histograms 

represent isotype mAb staining. MFI of expression of (B) CCR7 and (C) CXCR3 on human DCs. mRNA expression of (D) 

CCR7 and (E) CXCR3 on human DCs. iDCs were generated and treated as described in Figure 1, after 24 hours, DCs were 

analyzed by flow cytometry and qPCR for the expression of the migration markers CCR7 and CXCR3 at protein and mRNA 

levels, respectively. Results are presented as mean ± SEM (N=4). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, unpaired 

student’s t test with Welch’s correction.

Human moDCs support Regulatory T-Cell Development when pretreated with HMOS 
Both IL-10 and IL-27 released by moDC, are linked to the induction of CD4+ T-cell with regulatory 
function18, 20, 21. Conversely, IL-12p70 has been shown to reduce the frequency of regulatory T-cell 
and Foxp3 expression and enhance the activation and proliferation of conventional T-cell22. To ex-
amine whether HMOS-conditioned DCs can induce regulatory T-cell development, we performed 
an allogenic mixed lymphocyte reaction (MLR) with the stimulated DCs and purified naïve CD4+ 
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T-cell from PBMCs. After 6-days of co-culture, CD4+ T cells were phenotypically analyzed for the 
expression of CD25 and Foxp3. Compared to untreated moDCs, HMOS-conditioned DCs induced 
up to 2.5% higher Foxp3+Tregs cells within the CD4+ T-cell population (Figure 4B left panel, 
p<0.05, p<0.01 and p<0.001 for 0.8, 2, and 5mg/ml HMOS, respectively). No differences were 
detected on the percentage Tregs when DCs were stimulated by LPS compared to untreated DCs. 
In culture of Human moDCs conditioned by the combination of LPS and HMOS (0.8, 2, and 5mg/
ml), up to 1.6% higher Foxp3+Tregs were detected compared to untreated control DCs (Figure 4B, 
p<0.01, p<0.01, p<0.01 for 0.8, 2, and 5mg/ml HMOS, respectively). Consistently, HMOS-condi-
tioned DCs significantly increased IL-10 production by CD4+ T cells after 6-day co-culture (Figure 
4C left panel, p<0.05 for HMOS at 5mg/ml). In addition, a higher level of IL-10 was detected in 
supernatants of T-cells co-cultured with DCs pre-treated by LPS and 5mg/ml HMOS, compared to 
LPS-DCs and untreated control DCs (Figure 4C right panel, p<0.05, p<0.05, respectively). Togeth-
er, these findings confirmed the novel regulatory phenotype of HMOS-conditioned human moDCs, 
and again, the presence of LPS did not abolish this phenotype. 

FIGURE 4| HMOS-conditioned human moDCs and percentage of Foxp3+Tregs resulting in IL-10 production by T-cell. 

(A) Representative plots of CD25+Foxp3+CD4+ Tregs induced by control DCs treated with medium, LPS, HMOS (5mg/ml), 

and HMOS (5mg/ml) +LPS matured DCs. Gating strategy is shown in supplementary Figure 4. (B) Percentage of CD25+-

Foxp3+ Tregs from CD4+ T-cell 6 days’ post MLR assay. Stimulated DCs were collected at 24h and co-cultured with fresh 

isolated naïve CD4+ T-cell in a 1:10 ratio. After 6-7 days of co-culture, T cells were harvested and analyzed for the expression 

of CD25 and Foxp3 by flow cytometry. (C) IL-10 secretion in the supernatant of MLR. Supernatant from MLR co-culture system 

was collected at day 6 and IL-10 concentration was assessed by ELISA assay. Results are presented as mean ± SEM (N=9 for 

panel B, N=4 for panel C), *p<0.05, **p<0.01, ****p<0.0001, unpaired student’s t test with Mann-Whitney. 
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HMOS Condition Human moDCs influence Th1 Differentiation,
In order to examine the effects of HMOS-conditioned DCs further on T cell polarization, the naïve 
T cells co-cultured with HMOS-conditioned DCs were stained with activation marker CD69, and 
intracellular Tbet and GATA3 as a marker of Th1 and Th2 T-cell, respectively. HMOS-conditioned 
DCs showed no significant impact on the priming of Tbet+Th1 nor GATA3+Th2 polarization (Fig-
ure 5A,B, C) as compared to control DCs. An increase in the percentage of Tbet+ cells was de-
tected in the LPS-stimulated DCs-T cells co-culture compared to untreated control DCs-T cells 
co-culture (Figure 5B right panel, p<0.01). Interestingly, in the context of possibly excessive Th1 
activation induced by LPS-stimulated DC, HMOS effectively attenuated this effect in a dose-de-
pendent manner (Figure 5B right panel). No changes were detected in the percentage of GATA3+ 
expressing Th2 cells within the different DC-T cell cultures (Figure 5C). To further confirm the ob-
served T-helper responses, corresponding cytokines, namely IFN-γ (Th1-specific cytokine) and IL-4 
(Th2-specific cytokine) were measured in the supernatant of CD4+ T-cell by Elisa assays. No differ-
ences on IFN-γ production by T cells were detected between HMOS-conditioned DCs and untreated 
DCs, whereas a significant increase in IFN-γ level was detected in the supernatant of CD4+ T cells 
primed with LPS-conditioned DCs (Figure 5E, p<0.01). Interestingly also a lower IFN-γ level was 
measured in the supernatant of HMOS (5mg/ml) +LPS-DCs primed T cells compared to LPS-DCs 
primed T cells (Figure 5E, p<0.05). In conjunction with the GATA3 expression also no differences 
were found in IL-4 production between T cells primed by DCs with different treatment (Figure 
5F). Together, these findings indicate that HMOS in itself does not seem to condition DCs to prime 
Th1 nor Th2 cells directly, HMOS were however, able to condition DCs to reverse the CD4+ T-cell 
balance within the context of over-activated Th1 responses induced by LPS stimulation.

T cells Primed by HMOS- and HMOS+LPS-conditioned DCs Are Capable to Sup-
press the Proliferation of Activated Responder CD4+ T-cell
Based on the finding that CD4+ T cells primed by HMOS-conditioned DCs induce a regulatory phe-
notype, we tested the capacity of this primed CD4+ T cell pool to suppress proliferation of activated 
responder CD4+ T cells. CD4+ T cells obtained from the primary MLR were co-cultured with CD3/
CD28 activated CFSE-labelled responder CD4+ T cells at different ratios (1:4, 1:2, 1:1) for 5 days. 
T cells primed by both 5mg/ml HMOS- and 5mg/ml HMOS+LPS-conditioned DCs were capable 
to suppress proliferation of activated responder CD4+ T-cell significantly (Figure 6A,B). The sup-
pressive capacity was most pronounced at co-culture ratio of 1:1, where proliferation of activated 
responder CD4+ T cells was suppressed up to 43% in the presence of HMOS-DCs primed T cells 
(Figure 6B, p<0.0001), and up to 39% in the presence of HMOS+LPS-DCs primed T cells (Figure 
6B, p<0.001), whereas only 28% in the presence of LPS-DCs primed T cells, which is similar to 
the 22% in the presence of untreated-DCs primed T cells, respectively, compared to the condition 
with only CD3/CD28 activated CFSE-labelled responder CD4+ T cells. In addition, comparisons 
between proliferation capacity of T cells primed by untreated control DCs and pre-conditioned 
DCs, an higher inhibition was detected by HMOS-DC primed T-cell (p<0.01 for T:Tresp = 1:2, 
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p<0.01 for T:Tresp = 1:1) and HMOS+LPS-DC primed T-cell (p<0.05 for T:Tresp = 1:2, p<0.01 
for T:Tresp = 1:1) respectively ( Figure 6B). Overall, these data suggest that HMOS alone, or even 
in the presence of LPS, modulates the capacity of human moDCs to prime CD4+T cells with sup-
pressive capacity.

FIGURE 5| HMOS-conditioned human moDCs differentially prime Th1 and Th2 responses. (A) Representative plots of 

CD69+Tbet+ (left panel) and CD69+GATA3+ (right panel) CD4 T cells. Gating strategy is shown in supplementary Figure 4. 

Percentage of (B) CD69+ Tbet+ (Th1) and (C) CD69+GATA3+ (Th2) cells of the CD4+ T-cell population. (D) Ratio of Th1 and 

Th2 cells. Production of (E) IFN-γ and (F) IL-4 by co-cultured T-cell. Results are presented as mean ± SEM, unpaired student’s 

t test with Mann-Whitney (N=9 for flow cytometry T-cell population analysis, and N=4 for Elisa assays). *p<0.05, **p<0.01, 
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unpaired student’s t test with Welch’s correction.

FIGURE 6. HMOS-conditioned human moDCs are capable to suppress activated responder CD4+ T-cell proliferation. 

(A) Representative plots of T-responder cell (Tresp) co-cultured with whole T cells at the ratio of 1:1. (B) The degree of Tresp 

proliferation after co-culturing with whole T cells primed by different DCs. CD3/CD28 activated CFSE-labelled responder 

CD4+T cells were co-cultured with whole T cells primed by different DCs at ratio 4:1, 2:1, and 1:1 for 5 days. Proliferation of 

FITC-positive cells was analyzed by flow cytometry and suppressive functionality was determined by comparing the proliferat-

ed CD4+ T-cell. 3 independent allogenic stimulation assays and 3 independent suppressive assays were performed. Mean± SEM 

is shown, Mann-Whitney test, *p˂0.05, **p<0.01, ***p<0.01, ***p<0.001.

HMOS Induce regulatory DCs possibly through interaction with DC-SIGN and 
TLR4 Receptors 
DC-SIGN31 and TLR432 are known pathogen recognition receptors known to regulate host microbe 
interaction. Therefore, we first compared expression levels of TLR4 and DC-SIGN on the immature 
DCs (control) and conditioned DCs. Expression levels (MFI) of DC-SIGN (both at mRNA and 
protein levels) were lower on DCs cultured with HMOS (5mg/ml) LPS, and the combination of 
HMOS (5mg/ml) + LPS (Figure 7A) as compared to non-treated DCs. TLR4 expression at mRNA 
level was increased in the human moDCs treated by HMOS, LPS as well as the combination of 
HMOS+LPS (Figure 7B) compared to the levels detected within untreated control DCs. However, 
at protein level, no changes were detected regarding TLR4 expression on human DCs by the dif-
ferent treatments (Figure 7B). Next, we investigated the role of these two receptors in the IL-10 
production and Foxp3+Treg induction capacity of DCs and the influence of HMOS in the presence 
or absence of LPS, by performing receptor blocking assays. The addition of anti-TLR4 antibody 
resulted in a reduction of IL-10 levels detected in supernatants of HMOS-induced human moDC as 
compared to control DCs. Although IL-10 levels were similar in co-cultures when adding the anti-
DC-SIGN antibody alone, a significant down-regulating could be detected if the combination of 
anti-DC-SIGN and anti-TLR4 antibodies were used (Figure 7C, left panel). A similar pattern was 
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observed in the presence of LPS stimulation on DCs (Figure 7C, right panel). In addition, within 
the DC-T cells co-culture experiment a reduced percentage of HMOS-induced Foxp3+Tregs gener-
ation by adding anti-DC-SIGN as well as the combination of anti-DC-SIGN and -TLR4 antibodies 
was detected. Whereas no effect was observed in the Tregs generation induced by HMOS-condi-
tioned DCs by the addition of anti-TLR4 antibody alone (Figure 7D). These data suggest that both 
DC-SIGN and TLR4 receptors signaling are involved in HMOS conditioned DC induced IL-10 
production, whereas DC-SIGN signaling seems to be involved in the Tregs generation (5mg/ml). 
Moreover, we assessed the role of these two receptors in production of IL-12p70 by HMOS in the 
presence or absence of LPS. Figure 7E left panel shows the effects of blocking TLR4 and/or DC-
SIGN in HMOS treatment. The addition of anti-TLR4 antibody resulted in no IL-12p70 production, 
whereas DC-SIGN blockage slightly increased IL-12p70 production. In terms of the receptors in-
volved in the effects of HMOS to suppress LPS-induced IL-12p70 released by Th1-cell polarization 
of DCs, we found that blockage of DC-SIGN receptor resulted in partial inability of HMOS to 
suppress LPS-induced IL-12p70 production (Figure 7E, right panel). The addition of anti-TLR4 
alone or combined with anti-DC-SIGN antibody led to a complete suppression on IL-12p70 release. 
These findings suggest that DC-SIGN signaling indeed contributes to the suppressive capacity of 
HMOS on LPS-induced activation in human DCs, however it is unclear whether binding of specific 
HMO(S) with TLR4 impacts the inhibition on LPS-induced activation since addition of anti-TLR4 
antibody blocks the binding of both HMO and LPS with TLR4.
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FIGURE 7| HMOS differentially regulated TLR4 and DC-SIGN expression and activity. (A) DC-SIGN and (B) TLR4 

expression on human monocyte-derived immature DCs at protein and mRNA levels assessed by flow cytometry and QPCR 

assays. The effects of blockage of TLR4 and DC-SIGN receptors on the production of (C) IL-10, (D) Tregs generation and 

(E) IL-12p70. iDCs were pre-incubated with anti-TLR4 or/and DC-SIGN antibodies for 2h before adding HMOS or/and LPS 

treatment, supernatant was collected at 24h for the measurement of IL-10 and IL-12p70 by Elisa assays, DCs were collected and 

co-cultured with naïve CD4+ T-cells as described above. Results are presented as mean ± SEM, unpaired student’s t test with 

Mann-Whitney (N=3-4). *p<0.05, **p<0.01.

DISCUSSION

During the first months of life, breastfeeding plays an essential role in programming the immune 
system, in part by the modulation of the microbiota composition (33,34). This microbial community 
will constantly interact with the host immune system. More importantly, breastfeeding also directly 

120

5

CHAPTER 5



influences the immune system by providing the infants with immune modulatory compounds such 
as HMOS. HMOS have been documented to be absorbed into the systemic circulation in both 
breastfed infants(14) and rats orally administrated with HMOS(15), suggesting that immune cells such 
as DCs are likely to be exposed to HMOS and therefore may have interactions with them. The 
immune modulatory effects of prebiotic oligosaccharides mixture(18) and specific HMOS 3’FL and 
6’SL(23) on human moDCs have been described by previous studies. However, the effects of the 
authentic HMOS mixture on the human DC phenotype and function have not been reported before. 
In present study, we show for the first time that HMOS modulate human moDCs in a microbio-
ta-independent way. The unique mixture of HMOS, isolated from mature human milk, induces a 
semi-maturation state of human moDCs which suppresses LPS-induced immune activation. These 
HMOS-conditioned DCs are then able to modulate T-cell responses in which both TLR4 as well as 
DC-SIGN seem to play a role, suggesting a key role of HMOS in early life immune development. 

A recent study indicates that tolerogenic DCs induced by one specific HMO 3’SL is attributed to 
LPS contamination(23), indicating the necessity of evaluating potential LPS contamination in HMOS 
preparations. We showed that upon removal of potential LPS contamination by the addition of 
PB, the observed immune modulatory effects of HMOS on human moDCs were not significantly 
eliminated. In addition, HMOS-stimulated DCs induced a remarkably different pattern of cytokine 
production than LPS, suggesting that immune modulatory effects or HMOS are different from pos-
sible LPS contamination (Figure 8).
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FIGURE 8| Proposed model of the effects of HMOS on human moDCs and subsequent DC-T cells interactions in the 

(A) absence or (B) presence of LPS. (A) HMOS via activating DC-SIGN and TLR4 signaling ① upregulate the expression of 

HLA-DR, CD86, CD80, CD40, and PD-L1, ② equip DCs with chemokine receptors CCR7 and CXCR3, and ③ increase mRNA 

release or/and production of anti-inflammatory cytokines IL-10, IL-27, and TGF-β (only mRNA), as well as pro-inflammatory 

cytokine IL-6. ④ HMOS condition DCs with the capacity to prime IL-10-producing Foxp3+ Tregs that are capable to effectively 

suppress effector CD4+ T cells proliferation. (B) In the presence of LPS stimulation, HMOS may via competing TLR4 with 

LPS to inhibit ① LPS-induced expression of HLA-DR, CD86, CD80, CD40, but increase PD-L1, ② increase LPS-induced ex-

pression of CCR7 and CXCR3, ③ increase mRNA release or/and production of anti-inflammatory cytokines IL-10, IL-27, and 

TGF-β, but ④ decrease LPS-induced pro-inflammatory cytokines IL-12p70, IL-6, and TNF-α. ⑤ HMOS maintain the increased 

IL-10-producing Foxp3+Tregs while ⑥ inhibit LPS-induced Th1cell polarization as well as IFN-γ production. 

Studies have demonstrated or suggested direct interactions of specific HMOS or prebiotic oligo-
saccharides with murine and/or human DCs(22,23,25). HMOS are potential gut microbiota modulators 
which effectively stimulate the growth of beneficial bacteria such as bifidobacteria, and may subse-
quently increase bacterial metabolites such as SCFAs production after fermenting HMOS(35). Both 
the microbiome alterations(36,37) and SCFAs(38,39) are known to effectively influence both phenotype 
and function of human DCs. In addition to these features, we show that HMOS dose-dependently 
induce a semi-maturation of human moDCs. The up-regulation of cytokines like IL-10 and IL-27 
indicates a direct immune modulatory property of HMOS on human moDCs. This is similar to the 
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effects detected by scGOS/lcFOS on human moDCs(21). Proper activation of innate immune cells is 
essential for immune education in early life, therefore activation of DCs by HMOS may be essential 
for immune development in neonates(40). Overactivation of immune responses may cause autoim-
mune diseases and excessive inflammation41. HMOS suppress LPS-induced expression of DCs sur-
face markers, and reduce LPS-mediated (pro-) inflammatory cytokines IL-12p70 (IL-12p40), IL-6, 
TNF-a gene expression and protein release. These findings are in line with the previously reported 
feature of specific HMO 2’-fucosyllactose (2’FL), which effectively attenuated LPS-mediated in-
flammation in human enterocytes(42). However, the impact of the total HMOS mixture or individual 
HMOS on LPS-induced biological activity on either murine or human DCs have not been described 
previously and show a critical co-evolution of both the prebiotic oligosaccharides in conjunction 
with the microbiome. 

Semi-mature DCs, defined by MHC-IIhigh, costimulationhigh, pro-inflammatory cytokineslow, are po-
tent inducers of IL-10 producing Tregs(43). In addition, this type of DCs promote Treg differentiation 
and limit effector T cells in the periphery by production of IL-10, IL-27, and TGF-β(16). Our data 
regarding HMOS induced DC phenotype and cytokine profile indicate a promotion of Foxp3+Tregs 
accompanied by higher IL-10 release. In addition, the HMOS+LPS-conditioned DCs displayed sim-
ilar effects on both Tregs generation and IL-10 release, supporting the notification of HMOS condi-
tioning human moDCs with the capacity and stability to induce immune resilience. Our observation 
is in accordance with earlier in vitro study showing that non-digestible oligosaccharides-induced 
semi-mature and IL-10 producing DCs promoted generation of Fopx3+Tregs(21). In addition, the 
up-regulated levels of chemokine receptors CXCR3 and CCR7 suggest that HMOS might enable 
DCs even to migrate to lymphoid organs and inflammatory lesions, respectively. Consistent with 
previous studies(30), we found that LPS stimulation was essential in order to enhance this capacity 
induced by HMOS. However, further studies should be conducted to prove this capacity in vivo as 
well as to understand the full breath of detailed host-microbe interaction
. 
Dietary intervention with HMOS in vivo has shown to significantly reduce diabetes incidence, 
possibly through reducing the induction of diabetogenic cytokines such as IL-17 and IFN-γ in a 
NOD-mice model,(41). On the other hand, in line with known effects of scGOS/lcFOS, we have 
recently demonstrated that specific HMO, namely 2’FL, can effectively enhance vaccine-specific 
immune responses by inducing Th1 type of immunity including IFN-γ responses within an influenza 
vaccination mouse mode,(44). In this regard, HMOS induced an anti-inflammatory cytokine profile 
of DCs that promotes IL-10 producing Tregs generation in a steady state, suggesting regulatory 
function of HMOS in vivo. 

Mechanistically, HMOS recognition by human moDC may in part be regulated by TLR4 as well as 
DC-SIGN. DC-SIGN is involved in the induction of IL-10 and Tregs by DCs, and TLR4 signaling 
is involved in IL-10 production by DCs as well. Although we have observed that blockage of TLR4 
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resulted in no IL-12p70 production by DCs treated with HMOS and LPS, it is hard to conclude if 
it is the HMOS-TLR4 interaction that influence LPS-induced IL-12p70 production since addition 
of TLR4 antibody might block the binding of both specific HMO(S) and LPS with TLR4. Previ-
ous studies regarding the potent receptors involved in specific oligosaccharide of the total HMOS 
mixture sensing by DCs indicated involvement of C-type lectin DC-SIGN in 2’FL-induced immune 
regulation(25), TLR4 as for 3’SL-induced immune regulation223 and Siglecs as a receptor of 3’SL-, 
6’SL-induced immune regulation25. However, to the best of our knowledge, we now for the first time 
show that both DC-SIGN and TLR4 receptors are equally important and act in concert to drive im-
mune regulatory properties of HMOS mixture of human DCs. One possible explanation is that dif-
ferent individual oligosaccharide existing within the HMOS mixture has different affinity to specific 
receptors. Based on existing evidence223, it can be speculated that specific HMOS, such as 3’SL may 
act as a competition of LPS for binding to TLR4 receptor in human moDCs, thereby suppressing 
LPS-induced activation of DCs. However, further studies are warranted to identify which individual 
HMO bind to specific receptors, as well as which pathways of DC-SIGN and TLR4 signaling would 
be involved in the HMOS-induced regulatory effects.

In summary, for the first time we showed that HMOS equip human moDCs with a regulatory 
phenotype and function, and subsequently induces Treg expansion. In addition, we demonstrate 
that HMOS effectively suppress LPS-induced maturation in human DCs, thus inhibited LPS-in-
duced pro-inflammatory cytokine production and Th1-cell priming. The regulatory phenotype of 
HMOS-conditioned DCs are dependent on interactions of HMOS with TLR4 and DC-SIGN recep-
tors on human moDCs. These findings open further perspectives regarding the potential of HMOS 
to beneficially regulate the immune responses and shape the inflammatory response in a microbio-
ta-dependent way through DCs in early life. 
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SUPPLEMENTARY FIGURES 

SUPPLEMENTARY FIGURE 1| Distribution pattern of HMOS mixture by GPC. The HMOS mixture was injected in a 2 

times 5 x 110 cm Kronlab ECO50 column, packed with Toyopearl HW 40 (S) (TOSOH BIOSCIENCE). The chromatogram was 

obtained by refractive index detection.

SUPPLEMENTARY FIGURE 2| Cell viability of DCs treated by different conditions. Neither LPS nor HMOS (5mg/ml) 

did affect the cell viability compared to control. Mean± SEM is shown, N=6, Mann-Whitney test, no significant difference was 

observed between groups.
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SUPPLEMENTARY FIGURE 3| Removal of potential LPS contaminations by polymyxin B does not change the effects 

of HMOS. HMOS (5mg/ml) or LPS solution was incubated with 10mg/ml polymyxin B for 1h before treatment with DCs, after 

24h, (A) CD80 expression and (B) IL-10 levels in the supernatant were analyzed by flow cytometry and Elisa assay, respectively. 

Mean± SEM is shown, N=3, Mann-Whitney test, *p˂0.05, **p<0.01.

SUPPLEMENTARY FIGURE 4| Gating strategy T-cell. After 6 days of co-culture, cells were collected and analyzed by 

flow cytometry. Cells were first stained for viability using FVD (APC-Cy7), followed by extracellular staining of CD4 (Per-

Cp-Cy5.5), CD25 (FITC) and CD69 (FITC). After fixation and permeabilization, cells were stained for intracellular markers 

FoxP3 (PE-Cy7), GATA3 (PE) and Tbet (PE-Cy7). Flow cytometry analysis software Flowlogic 7 (Inivai Technologies) was 

used to analyze the data. In our gating strategy, first, the singlets were selected. Next the lymphocytes were selected based on 

FSC and SSC. Out of the lymphocyte gate the alive cell population was selected. CD4+ cells were obtained out the gate of alive 

cells, using FMO control. CD25+ Foxp3+, CD69+ GATA3+ and CD69+ Tbet+ cells were derived out the gate of CD4+ cells, 

using FMO controls. 
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ABSTRACT

Background
Human milk is uniquely suited to provide optimal nutrition and immune protection to infants. Hu-
man milk oligosaccharides (HMOS) are structural complex and diverse consisting of short chain 
and long chain oligosaccharides typically present in a 9:1 ratio. 2’-Fucosyllactose (2’FL) is one of 
the most prominent short chain oligosaccharides and is associated with anti-infective capacity of 
human milk.

Aim
To determine effect of 2’FL on vaccination responsiveness (both innate and adaptive) in a murine 
influenza vaccination model and elucidate mechanisms involved.

Methods
A dose range of 0.25-5% (w/w) dietary 2’FL was provided to 6-week-old female C57Bl/6JOlaHsd 
mice two weeks prior primary and booster vaccination until the end of the experiment. Intrader-
mal (i.d.) challenge was performed to measure the vaccine-specific delayed-type hypersensitivity 
(DTH). Antigen-specific antibody levels in serum as well as immune cell populations within several 
organs were evaluated using Elisa and flow cytometry respectively. In an ex vivo re-stimulation 
assay, spleen cells were co-cultured with influenza-loaded bone marrow derived dendritic cells 
(BMDCs) to study the effects of 2’FL on vaccine-specific CD4+ and CD8+ T-cell proliferation and 
cytokines secretions. Furthermore, the direct immune regulatory effects of 2’FL were confirmed 
using in vitro BMDCs T-cell co-cultures. 

Results
Dietary 2’FL significantly (p<0.05) enhanced vaccine specific DTH responses accompanied by in-
creased serum levels of vaccine-specific IgG1 and IgG2a in a dose-dependent manner. Consistently, 
increased activation marker (CD27) expression on splenic B cells was detected in mice receiving 
2’FL as compared to control mice. Moreover, proliferation of vaccine-specific CD4+ and CD8+ T 
cells, as well as IFN-γ production after ex vivo re-stimulation were significantly increased in spleen 
cells of mice receiving 2’FL as compared to control mice, which were in line with changes detected 
within DC populations. Finally, we confirmed a direct effect of 2’FL on the maturation status and 
antigen presenting capacity of BMDCs.

Conclusion
Dietary intervention with 2’FL improves both humoral as well as cellular immune responses to 
vaccination in mice, which might be attributed in part to the direct effects of 2’FL on immune cell 
differentiation.
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INTRODUCTION 

Vulnerable populations with an immature or incompetent immune system (such as infants, preterm 
born infants, immune compromised individuals and elderly), renders them at increased risk for 
infections while limited responsiveness to vaccines is often detected(1). For example, early-life vac-
cination remains a challenge due to a range of limitations in generating appropriate adaptive and 
innate immunity. Neonates have a weak and short-lived antibody responses (reviewed in ref(1)) 
which is insufficient to totally prevent viral replication and infection. In addition, the neonatal im-
munological milieu is polarized towards Th2-type immunity with dampening of Th1-type immune 
responses (e.g. IFN-γ production) and cytotoxicity (CD8+ T-cell)(2,3), resulting in qualitatively and 
quantitatively limited cellular responses to infections compared to older infants. Strategies aimed 
at inducing protective humoral and optimal cellular immune responses may thus facilitate the im-
provement of neonatal vaccine efficacy. Moreover, recent evidence indicate that also the modifica-
tion of the gut microbiota composition influences influenza vaccine responsiveness, which provides 
new insights on the regulation of the immune responses following (influenza) vaccination(4). Taken 
together, dietary interventions that can improve the immune system and shape an optimal gut mi-
crobiota is a promising strategy to improve vaccine efficacy.

Diet is one of the major environmental factors that affect both immune development and gut micro-
biota composition and function(5,6). The beneficial properties of human milk against immune-related 
disorders and infectious diseases have been widely reported and can be attributed to bioactive com-
ponents of human milk such as human milk oligosaccharides (HMOS). HMOS are the third most 
abundant components in human milk, and constitute the defence system of human milk due to their 
well-known prebiotic effects and potent properties to direct interact with the immune cells(7). HMOS 
are comprised of a mixture existing over 200 specific oligosaccharides, consisting of short chain and 
long chain structures typically in a ratio of 9:1 respectively. The most predominant oligosaccharide 
(representing up to 20% of total HMOS) in the milk of (fucosyltransferase 2) FUT2 gene positive 
mothers (termed ‘secretors’) is 2’FL(7).
 
2’FL is synthesized through enzymatic transfer of fucose guanosine 5’-diohosphate-l-fucose to lac-
tose by FUT2, and is suggested to contribute to the health benefits of the complex HMOS mixture(8). 
Specifically, anti-adherent effects on pathogens(9) as well as prebiotic properties on mutualist mi-
crobes have been described for some HMOS structures(10). In addition, the complex HMOS mixture 
indirectly leads to the regulation of the mucosal immune system via different mechanisms such as 
short chain fatty acids (SCFAs)-mediated activity. Interestingly, recent evidence showed that spe-
cific HMOS, particularly 2’FL is detected in the systemic circulation after oral administration(11), 
suggesting potential biological functions for HMOS beyond serving as preferential bacterial sub-
strates devoted to maintaining an optimal gut microbiota. Within the mucosa, DCs are located just 
below the epithelial layer. DCs are major determinants of immunity due to their role in the initiation 
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of long-term adaptive immunity by detecting and presenting antigens to CD4+/8+ T-cells(12,13) and 
are novel targets for enhancing vaccination efficacy(14). Using glycan microarrays, 2’FL has been 
demonstrated to bind to DC-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-
SIGN)(15), suggesting that specific HMOS such as 2’FL may directly interact with the innate immune 
cells subsequently influencing adaptive immunity within infants. Although little evidence can be 
found for the direct effects of authentic HMOS on the phenotype and/or functions of DCs, it has 
been demonstrated that a mixture of short-chain galacto-oligosaccharides (scGOS) and long-chain 
fructo-oligosaccharides (lcFOS) at a ratio of 9:1, which was designed to resemble the molecular size 
distribution and functional aspects of the neutral fraction of authentic HMOS, directly influences 
the development of human monocytes derived DCs as observed by their phenotypes, cytokine pro-
duction, and T-cell priming capacity in vitro(16). In vivo, specific prebiotic oligosaccharides effec-
tively improved vaccine-specific immune responses in a Th1-dependent fashion using several mu-
rine vaccination models(17–20). Therefore, we hypothesized that 2’FL, which is structurally identical 
to a specific authentic HMO, could induce direct immunomodulatory effects in a murine vaccination 
model and thereby improving the vaccine responsiveness. 

MATERIALS AND METHODS 

Mice
6-week-old female C57Bl/6JOlaHsd mice were purchased from Envigo (Horst, The Netherlands) 
and housed in the animal facility of Utrecht University and kept under normal conditions, with a 12 
h dark and light cycle with access to food and water ad libitum. The animals received standard diets 
and routine care for a week upon arrival in the animal facility, before the start of the experiments. 
All experiments were approved by the Animal Ethics Committee of Utrecht University (approval 
number DEC 2015.II.243.038).

Vaccination Protocol
As depicted in Figure 1A, after 1 week acclimation period, mice were fed the control (AIN93G) or 
the 2’FL containing diet until the end of the experiment (n=9 per group). Concentrations of oligo-
saccharides in human milk show variations that are dependent on both the secretor type of the moth-
er and the lactation period. Human milk may contain up to 20g/L total oligosaccharides, of which on 
average 2.7 g/L 2’FL is detected, depending on detection method(7). Semi-synthetic AIN93G diets 
were mixed with 0.25%, 0.5%, 1%, 2.5%, or 5% 2’FL (SSNIFF Spezialdiäten GmbH, Germany) in 
order to allow testing the effects of 2’FL starting from a human physiological concentration (pro-
duced by microbial fermentation, with >90% purity) on vaccine-induced immune responses. The 
percentages of 2’FL were exchanged against equal amount (wt/wt) total carbohydrates present in 
the control diet. Subcutaneous (s.c.) vaccination was conducted using Influvac (Abbott Biologicals 
B.V., Weesp, The Netherlands) from season 2015/2016. This inactivated influenza virus vaccine is 
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based on isolated haemagglutinin (HA) and neuraminidase antigens of three strains of myxovirus 
influenza, in a dose equivalent to 30 μg/mL HA per strain (90 μg/mL HA in total). Under Isoflurane 
anasteshia, the mice received a primary vaccination and a booster vaccination in a total volume of 
100 μL, the vaccine concentration (90 μg/mL) used was based on our pilot experiment for vaccine 
titration (data not shown). The booster vaccination was given 21 days after the primary vaccina-
tion. The experiments ended 10 days after booster vaccination. Negative control group (n=3) that 
was included in all experiments (indicated with ‘sham group’) received injections with 100 μL 
PBS. Sham group was not used for statistical comparisons to supplemented groups, but serves to 
demonstrate the specificity of vaccine-induced responses. DTH reactions were induced 9 days after 
booster vaccination, by s.c. injection of 20 μL Influvac into the ear pinnae of the right ear, and 20 
μL PBS into the ear pinnae of left ears as basal line. Ear thickness was measured in duplicate before 
vaccine challenge and 24 h thereafter, using a digital-micrometer (Mitutoyo Digimatic 293561, 
Veenendaal, The Netherlands). The antigen specific DTH responses were calculated by the formula: 
DTH = Right ear (Thickness @24h – @0h) – Left ear (Thickness @24h – @0h). In addition, after 
sacrificing the animals, both ears were punched with a sharped metal borer for the measurement of 
Ear weight. Ear weight increase = Right ear (Weight) - Left ear (Weight).

Vaccine-specific Immunoglobulins (Igs) in Serum 
Blood was collected via cheak puncture at the end of the experiment prior to sectioning of the mice. 
Blood samples were centrifuged (10,000 rpm for 10 min) and serum was stored at −20°C until anal-
ysis of vaccine-specific antibodies by means of ELISA. Determination of vaccine-specific antibod-
ies was performed as described previously(17). Briefly, 96-well plates (Costar EIA/RIA plate, Alphen 
a/d Rijn, The Netherlands) were coated with 1:100 diluted Influvac in PBS. Blocking reagent was 
2% BSA (Sigma, Zwijndrecht, The Netherlands) in PBS. A dilution series of pooled serum that 
contained vaccine specific antibodies was added for standard curve calculation.Per mouse 10ml 
serum was used to determine antibody levels with a final dilution of 14700´ by a serial dilution. 
Anti-IgG1-biotin and anti-IgG2a-biotin (Becton Dickinson, Heerhugowaard, The Netherlands) an-
tibodies were diluted 1:1000 in dilution buffer. For the biotin-conjugated antibodies, the plates were 
subsequently incubated with a 1:20,000 dilution of streptavidin-HRP (Biosource, Etten-Leur, The 
Netherlands). Optical density was measured with a Benchmark microplate reader (BioRad, Hercu-
les, CA, USA) at a wavelength of 490 nm. Concentrations in test sera were calculated in arbitrary 
units (AU), relative to the standard curve of the diluted pooled serum. The top concentration of the 
pooled serum was defined as 100 AU/mL.

Flow Cytometry of Immune Cells
Freshly isolated spleen and mesenteric lymph node (MLN) cells were obtained and resuspended in 
PBS/1% bovine serum albumin and incubated with anti-mouse CD16/CD32 (Mouse BD Fc Block; 
BD Pharmingen, San Jose, CA, USA) to block non-specific binding sites for 20 min on the ice. For 
surface staining, cells were incubated with CD4-PerCp-Cy5.5, CD69-PE, CD25-AlexaFluor488, 
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CD11c-PerCp-Cy5.5, CD103-APC, CD40-FITC, CD86-PE-cy7, MHCII-APC, CD3-Percy5.5, 
CD27-PE, CD19-APC, B220-FITC, NK1.1-APC, or CD49b-FITC (eBiosciences, San Diego, CA, 
USA). Viable cells were distinguished by means of a fixable viability dye eFluor® 780 (eBiosci-
ence), per sample 0.5´106 and 106 cells were used for surface and intracellular staining, respectively. 
More than 80% live cells were abtained in all the stainings. For detecting transcription factors, 
cells were first fixed and permeabilized with Foxp3 Staining Buffer Set (eBioscience) according to 
manufacturer’s protocol and then stained with Foxp3-PE-cy7, and Tbet-APC (eBioscience). Isotype 
controls were used for each antibody and fluorescence-minus-one’s controls were used to identify 
the positive population from the negative population (all Isotypes purchased from eBioscience). 
In addition, anti-mouse CD16/32 antibody was used as an Fc-block prior to staining the samples 
(eBioscience). Results were collected with BD FACSCanto II flow cytometer (Becton Dickinson, 
Franklin Lakes, NJ, USA) and analyzed with FlowLogic software (Inivai Technologies, Mentone, 
VIC, Australia).

Generation of Bone Marrow Derived Dendritic Cells (BMDCs)
Surplus mice (Female, 11-week-old C57BL/6JOlaHsd) were kept in our animal facility at the Cen-
tral Animal Laboratory (GDL), Utrecht University, The Netherlands. Bone marrow cells were iso-
lated from femurs and cultured in RPMI 1640 medium (Gibco) supplemented with 10% FBS and 
100U/ml penicillin/streptomycin, 10 mM HEPES, 1 mM sodium pyruvate and Eagles minimum 
essential medium (MEM) non-essential amino acids (all from Gibco Life Technologies) in the pres-
ence of 10ng/ml GM-CSF (Prosepec, The Netherlands) for 6 days to obtain immature BMDC (iDC). 
Induced iDCs were then loaded with the vaccine at a concentration of 0.9µg/ml and incubated for 
24 hours at 37°C, 5% CO2 before co-culturing with splenocytes isolated from the vaccinated mice 
receiving the dietary interventions. iDCs treated with medium were used as negative control. 

Ex Vivo Re-stimulation of Whole Splenocytes with Vaccine-loaded BMDCs 
Fresh spleens were removed aseptically and single cell suspensions were obtained as described 
above. Splenocytes (5 x 106 cells/ml) were co-cultured with DCs (5 x 105 cells/ml) loaded with 
or without influenza virus in 96-well U-bottom culture plates for 5 days at 37°C, 5% CO2, RPMI 
1640 medium (Gibco) supplemented with 10% FBS and 100U/ml penicillin/streptomycin, 10 mM 
HEPES, 1 mM sodium pyruvate and Eagles minimum essential medium (MEM) non-essential ami-
no acids was used (all from Gibco Life Technologies). Supernatants were collected at day 5 and 
stored at -80°C until use and analyzed for the concentration of IL-10, IL-17A, IL-13, IL-2, IL-4 
by Bead-based immunoassays (Boiolgend LGENDplex, UK, London) and IFN-γ (eBioscience, the 
Netherlands) and TNF-α (eBioscience, the Netherlands) by Elisa assays according to manufactur-
er’s instructions. 

CFSE Labeling and Co-culture of Whole Splenocytes with Vaccine-loaded BMDCs
In parallel, splenocytes were labeled with cell trace dye CFSE (Thermo Fisher, The Netherlands) 
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according to the manufacturers’ instructions at a final concentration of 1µM and FITC-positive cells 
were acquired, and were co-cultured with DCs loaded with or without influenza virus at 10:1 in 96-
well U-bottom culture plates for 5 days at 37°C, 5% CO2. On day 5, the mix of co-cultured cells was 
stained with viability dye, CD4-APC and CD8-PE (eBioscience, the Netherlands). Proliferation of 
splenocytes was determined by setting gates on proliferated cells and comparing the percentage of 
proliferated cells from 2’FL mice with vaccinated control mice. 

qPCR Analysis
Ileum samples from influenza-vaccinated mice sacrificed after DTH measurement were collected 
in RNAlater (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) and over night stored 
in the fridge, after which they were stored at −80°C until mRNA isolation. Before mRNA isola-
tion, tissues were homogenised by using Precellys® CKMix Tissue Homogenizing Kit (Bertin, 
KT039611009.2) with the Precellys 24 homogenizer (Bertin, EQ03119-200-RD000.0). mRNA was 
extracted using a NucleoSpin® RNA Plus kit (Macherey-Nagel, 740984.250) in combination with 
the rDNAse set (Macherey-Nagel, #740963) to remove contaminating DNA. cDNA was synthe-
sized using an iScript™ advanced kit (Bio-Rad, Basel, Switzerland) according to the manufactur-
er’s protocol in the PTC-100 Programmable Thermal Controller (MJ research, PTC-100). cDNA 
and mRNA samples were stored at -80°C. Quantitative analysis was performed on a CFX96 Re-
al-Time C1000 Thermal Cycler detection system with the use of an IQ™ SYBR® Green Supermix 
according to manufacturer’s protocol (both from Bio-Rad). Custom designed primers were made 
for CD40, CD80, CD86, PD-L1, TGF-β3, TNF-α, IL-1α, IL-1β, IL-10, IL-12β, CXCL9, CXCL10, 
FUT2, FUT8, and reference gene GAPDH (Biolegio, Nijmegen, The Netherlands, gene sequences 
and annealing temperatures are listed in Table 1). 300 nM forward and reverse primers were used in 
10 µl reactions (8.8 µl mix + 1.2 µl cDNA), which were measured in a 96 well Hard-Shell PCR plate 
with thin walls (Bio-Rad, HSP9601). The plate was covered with a Microseal ‘B’ film (Bio-Rad, 
MSB1001) and then measured at the appropriate temperature for 40 cycles in the CFX96 Real-Time 
System C1000 Thermal Cycler (Bio-Rad, 1855195). All samples were measured in triplicate, values 
within each triplicate that differed ≥ 0.5 CT were removed. The average of the remaining values 
was taken for each mouse. Relative mRNA expression of each mouse was calculated with the Livak 
method (2-ΔΔCT)21 and depicted as a fold change of the average of control group (1 fold). 

TABLE 1| Sequences of specific primers for detected genes with corresponding accession number.

Gene ID Accession number Forward primer sequence (5’-3’) Reverse primer sequence (5’-3’)

FUT2 NM_018876.4 CCCACTTCCTCATCTTTGTCTTT TTTGAACCGCCTGTAATTCCTT

FUT8 NM_016893.5 CAGGGGATTGGCGTGAAAAAG CGTGATGGAGTTGACAACCATAG

IL-10 NM_010548.2 TGAATTCCCTGGGTGAGAAGC CACCTTGGTCTTGGAGCTTATT

TGF-β3 NM_009368.3 GCTGTTGAGGAGAGAGTCCA TCCATTGGGCTGAAAGGTGT

IL-12β NM_001303244.1 GTAACCAGAAAGGTGCGTTCC GAACACATGCCCACTTGCTG

IL-1α NM_010554.4 ATGAAGCTCGTCAGGCAGAAG GAGATAGTGTTTGTCCACATCCTGAT

IL-1β NM_008084.2 ATCCCAAGCAATACCCAAAGAA GCTGATGTACCAGTTGGGGAA
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TABLE 1 CONTINUED| Sequences of specific primers for detected genes with corresponding accession number.

Gene ID Accession number Forward primer sequence (5’-3’) Reverse primer sequence (5’-3’)

TNF-α NM_013693.3 AACGGCATGGATCTCAAAGA TTTCTCCTGGTATGAGATAGCAAATC

CXCL9 NM_008599 TCTGCCATGAAGTCCGCTG CAGGAGCATCGTGCATTCCT

CXCL10 NM_021274.2 GCCGTCATTTTCTGCCTCAT GCTTCCCTATGGCCCTCATT

CD80 NM_009855.2 TGGGAAAAACCCCCAGAAGAC GCCCGAAGGTAAGGCTGTT

CD86 019388.3 CAGCACGGACTTGAACAACC CTCCACGGAAACAGCATCTGA

CD40 NM_011611.2 ACTAATGTCATCTGTGGTTTAAAGT GAAACACCCCGAAAATGGT

PD-L1 NM_021893.3 TGATCATCCCAGAACTGCCTG AGGAGGACCGTGGACACTAC

Treatment of BMDCs
Immature BMDCs were generated as described above in ‘Generation of Bone Marrow Derived 
Dendritic Cells’. 2’FL (1.25-10mg/ml) was added to the iDCs and incubated for 24 hours at 37°C, 
5% CO2. iDCs treated with medium were used as negative control and LPS (100ng/ml) was added 
to mature the iDCs and serves as a positive control. Phenotypes of DCs were identified using flow 
cytometry measuring surface marker MHC-I, MHC-11, CD40, and CD86. In addition, IL-10 and 
IL-12p70 levels in the supernatant were assessed using Elisa kits (eBioscience, the Netherlands) 
according to manufacturer’s protocol.

Statistical Analysis
All data were analyzed using GraphPad Prism 7.0 software for Macintosh (GraphPad Software, San 
Diego, CA, USA). Dose-response relationships analysis was described in our previous study(17). All 
other data sets were checked for normality in distribution (and normalized using log transforma-
tion) after which the data were analyzed by one-way ANOVA, followed by a Bonferroni’s multiple 
comparison post hoc test for selected comparisons. Data are presented as mean ± SEM. *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001 were considered statistical significant.

RESULTS

Dietary 2’FL Improved Vaccine-specific Cellular and Humoral Response
In C57BL/6 mice (n=9 per group) receiving twice s.c. influvac vaccination, a dietary range be-
tween 0.25% and 5% of 2’FL (w/w of total diet) was provided and antigen specific vaccination 
responses were analyzed (Figure 1A). A dose-dependent increase in the influenza-specific DTH 
response (measured as ear swelling and ear weight gain) was detected in mice receiving 2’FL as 
compared to vaccinated mice receiving control diet (Figure 1B,C). Quadratic regression was per-
formed and identified a linear increase in DTH up to 1% providing a pharmaceutical optimum at 
2.5%. More specifically, dietary intervention with 1% 2’FL significantly increased DTH response 
(p<0.05) and ear weight gain (p<0.001) in the vaccinated mice receiving 2’FL compared to control 

140

6

CHAPTER 6



diet. Vaccine-specific humoral immune responses were detected in serum obtained at the end of the 
experiment (day 31). Subclass specific IgG2a and IgG1- antibody concentrations were detected in 
serum of vaccinated mice receiving control diet and compared to sham-vaccinated mice indicating 
that induced antibodies are vaccine-specific (data not shown). Furthermore, in serum of vaccinated 
mice receiving dietary 2’FL increased levels of both vaccine-specific IgG2a (p<0.001 for 1% 2’FL, 
p<0.01 for 2.5% 2’FL, and p<0.05 for 5% 2’FL) and IgG1 (p=0.0945 for 0.5% 2’FL, p<0.001 for 
1% 2’FL, p<0.05 for 2.5% 2’FL, p<0.05 for 5% 2’FL) were detected as compared to mice receiving 
control diet (Figure 1D,E). 

Dietary 2’FL Increased B-cell Activation and Frequency 
2’FL mediated increase in antibody levels prompted us to investigate whether B cell development 
was affected. To this end, the frequency and activation status of B cells in isolated spleen and 
MLN cells from mice receiving 0.5% and 1% 2’FL were compared to vaccinated mice receiving 
control diet, using flow cytometry (Figure 2A, gating strategy). Surface marker expression analysis 
of CD19, CD220, and CD27 revealed a significantly higher frequency of CD19+B220+ B cells in 
spleens and MLNs of both the 0.5% and 1% 2’FL receiving mice compared to the control mice (Fig-
ure 2B, 2.1% and 2.5% increase by 0.5% and 1% 2’FL, p<0.05, p<0.01, respectively; Figure 2D, 
6.8% and 5.2% increase by 0.5% and 1% 2’FL, p<0.01, p<0.01, respectively). CD27 expression has 
been used to distinguish between memory and naïve B cells(22). Although no effect on the percentage 
of CD19+B220+CD27+ activated B-cell in the MLN was detected (Figure 2E), there was a higher 
percentage (0.5%) of CD27+ activated CD19+B220+ B cells in spleen cells from vaccinated mice 
receiving 1% 2’FL compared to control vaccinated mice (Figure 2C, p <0.05). 

141

6

2’FL IMPROVES VACCINE RESPONSIVENESS



FIGURE 1| Effect of Dietary intervention with 2’FL on Vaccine-specific DTH responses and antibody levels in serum collect-

ed at day 31. (A) Schematic overview of the study design (SDI = Start Dietary Intervention). (B) DTH response and (C) ear 

weight difference between left (ear challenge with PBS) and right (ear challenge with influvac) ear at 24h after ear challenge. 

Vaccine-specific (D) IgG2a and (E) IgG1 levels in serum measured by means of Elisa assays. Data are presented as mean ± 

SEM n = 7-9/group in (B-E). In panels B and C, quadratic regression was performed on Graph pad 7 to analyzes dose-response 

relationship and the optimal fitting curve is plotted in the graph together with the 95% CI’s. In panels D and E, one-way ANOVA 

followed by Bonferroni’s post hoc test was used for selected groups. *p<0.05, **p<0.01, ***p<0.001, indicate statistical differ-

ences detected compared to vaccinated control group. 
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FIGURE 2| Flow cytometric analysis of B cells sub-populations in spleen and MLN collected at day 31. (A) Representative 

plots of B cells in spleens from control (Cont) and 1% 2’FL groups. Percentage of CD19+B220+ B cells in the (B) spleen and 

(D) MLN. Percentage of memory B cells (CD27+ of CD19+B220+ cells) in the (C) spleen and (E) MLN. Data are presented as 

mean ± SEM, (n = 9). *p<0.05, **p<0.01 are the significant differences as compared to control mice. One-way ANOVA followed 

by Bonferroni’s post hoc test was used for selected groups.

Dietary 2’FL Differentially Activated Dendritic Cells in the Spleen and MLN
Knowing the central role of the DCs in presenting antigens to B cells and activating the CD4+/8+ 
T-cell populations, we next studied the phenotype and activation status of DCs in the spleen and 
MLNs of mice receiving 2’FL. Fresh isolated splenocytes and MLN cells were stained with matura-
tion (MHC-II, MHC-I) and co-stimulatory surface markers (CD40, CD86) and quantified using flow 
cytometry (Figure 3A). Around 1% increase of CD11c+MHCII+ DCs was detected in splenocytes 
isolated from mice receiving 1% 2’FL compared to control mice (Figure 3B, p<0.05). Moreover, the 
expressions of CD86+ (Figure 3C, p=0.06) and CD40+ (Figure 3D, p<0.05) on CD11c+MHCII+ 
DCs as detected by median fluorescence intensity (MFI) were increased in mice receiving the 1% 
2’FL diet. No differences were detected in the expression of MHC-I on the splenic DCs between 
2’FL and control diet receiving mice (Figure 3C). 

In the MLN, CD103+DCs have been suggested to represent bona fide DCs due to their capacity to 
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induce differentiation of naïve CD4+ T cells into Foxp3+ regulatory T cells(23) and driving respond-
ing T cells to express the gut-homing molecules(24). Although the percentage of CD11c+MHCII+ 
DCs in the MLN was not significantly different between dietary intervention groups (Figure 3G), 
a significant increase (5.4%) within the CD103+ population, the so-called tolerogenic DCs (tDCs, 
CD103+CD11c+MHC-II+ DCs) was found in mice receiving 1% dietary 2’FL vs control mice 
(Figure 3H, p<0.05). In addition, MFI of CD86+ expression on the CD103+DCs was significantly 
decreased (Figure 3I, p<0.05), whereas the MFI of CD40+ expression was significantly increased 
(Figure 3J, p<0.05) on isolated MLNs from mice receiving 1% 2’FL dietary intervention compared 
to vaccinated control mice. These data indicate that 1% 2’FL supplementation in the diet induce 
more activated DCs in the spleen and a more tolerogenic phenotypic DCs in the MLN.

Increased Th1 and Tregs Frequency in Spleen of mice receiving 2’FL
Changes in DC phenotype may directly influence antigen presenting capacity and subsequently the 
specific T-cell responses. To test whether T-cell specific vaccine responses were modulated by 2’FL 
in a Th1-skewed fashion, (important to improve the vaccine efficacy(25)), freshly isolated spleno-
cytes and MLNs were stained with intracellular transcription factor Tbet (Th1) and Foxp3 (Treg) 
(Figure 4A). In the spleen, no differences in frequency of either CD4+ or CD4+CD69+ T-cells were 
detected (Figure 4B,C). However, Tbet+ of CD4+CD69+ T-cell (activated Th1 type of cells) was 
increased by 1% 2’FL compared to vaccinated mice receiving control diet (Figure 4D, p<0.05). In 
addition, the Tbet+ expression on CD4+CD69+ cells was up-regulated (p<0.01, data not shown), 
and the Tbet+CD69+CD4+ T-cell activation, as measured by the MFI of CD69 expression was 
increased in mice receiving 1% dietary 2’FL compared to vaccinated mice receiving control diet 
(p<0.05, Figure 4 E). 

Conversely, both dosages of 2’FL slightly increased the percentage of splenic CD25+CD4+ T cells 
(1.4% and 1.6% increase by 0.5% and 1% 2’FL, respectively, Figure 4F, p<0.01 for 0.5% 2’FL, 
and p<0.001 for 1% 2’FL) as well as the percentage of Foxp3+Tregs (0.6% and 0.8% increase by 
0.5% and 1% 2’FL, respectively, Figure 4G, p=0.06 for 0.5% 2’FL, p<0.01 for 1% 2’FL) compared 
to control diet. Furthermore, a 2% increase of Foxp3+Tbet+ Tregs in the spleen of 1% 2’FL mice 
was detected (Figure 4I, p<0.05). Similar 2’FL effects on the T-cell subpopulations in the MLN are 
shown in Figure S1. 
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FIGURE 3| Flow cytometric analyses of dendritic cells (DC) percentages and surface markers expression in the spleen and 

MLN at day 31. Spleen DCs were analyzed based on their expression of CD11c and MHC-II. (A). Representative plots and 

histogram of splenic DCs from control (Cont) and 1% 2’FL groups. Percentage of (B) CD11c+MHCII+ DCs in total spleno-

cytes, activation status was further distinguished based on their MFI of surface markers (C) CD86, (D) CD40, and (E) MHC-I 

expression. (F) Representative plots and histogram of MLN-DC from control (Cont) and 1% 2’FL group. (G) Percentage of 

CD11c+MHC-II+ in total MLN cells; (H) Percentage of Tolerogenic dendritic cells (tDCs) (CD103+ of CD11c+MHC-II+ 
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cells) in MLN-DC; MFI of surface markers (I) CD86 and (J) CD40 expression on tDCs. Data are presented as mean ± SEM of 

n = 6–9 mice per group; *p<0.05, is depicted significant difference compared to control using one-way ANOVA followed by 

Kruskal-Wallis’ non-parametric test.

FIGURE 4| Flow cytometric analysis of Th1 and Tregs populations in the spleen at day 31. (A) Representative plots of splenic 

CD4 T cells from 1% 2’FL group were shown. (B) Percentage of CD4+ T cells in total live lymphocytes. Percentage of (C) early 

(CD69+ of CD4+ cells) and (D) late activated (CD25+ of CD4+ cells) CD4+ T cells in the spleen (F). Percentage of (D) Th1 

cells (Tbet+ CD69+ of CD4+ cells) and (G) Tregs (Foxp3+ CD25+ of CD4+ cells) in CD4+ T-cell. MFI of CD69 expression of 

(E) Th1 and (H) Treg. (I) Percentage of Foxp3+Tbet+Tregs (Tbet+ of CD4+CD25+Foxp3+ cells). Data are presented as mean ± 

SEM of n=7–9/group; *p<0.05, **p<0.01 are significant differences compared to control using Kruskal–Wallis’ non-parametric 

test, followed by Dunn’s post hoc test for selected pairs.

Vaccine-Specific CD4+ and CD8+ T cells Proliferation Increased in mice receiving 
Dietary 2’FL upon Ex Vivo Restimulation 
To investigate whether the altered T-cell responses in the spleen are vaccine-specific, ex vivo 
re-stimulation was performed. CFSE-labeled whole spleen cells from sham or vaccinated mice 
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were co-cultured with BMDCs loaded with or without influenza (the same batch used in the primary 
and booster vaccinations), total live lymphocytes, proliferation of CD4+ and CD8+ T cells were 
assessed by flow cytometry after 5-days of co-culture (gating strategy Figure 5A). Surprisingly, 
by co-culturing with control DCs, the absolute number of overall splenocytes was increased by 
vaccinate mice receiving 1% 2’FL compared to vaccinated control mice (Figure 5B, p<0.01) and 
0.5% 2’FL (Figure 5B, p<0.05), whereas no effects on the percentage of proliferation of CD4+ and 
CD8+ T cells by dietary intervention were observed when co-cultured with control DCs (Figure 
5C,D). Upon re-stimulation by influenza-loaded DCs, low background responses were shown for 
all three parameters (namely, number of total splenocytes, percentage of CD4+ and CD8+ T-cell) in 
the sham-vaccinated mice. All vaccinated groups showed significantly higher number of total live 
cells compared to sham mice, indicating that the responses were vaccine-specific. Vaccinated-mice 
receiving 1% 2’FL had even higher absolute number of live cells compared to control vaccinated 
mice (Figure 5B, p<0.01). 13% higher CD4+ and 7.4% higher CD8+ T-cells in the 1% 2’FL receiv-
ing group were detected in comparison to control vaccinated group (Figure 5C, p<0.01; Figure 5D, 
p<0.001, respectively), whereas changes within the 0.5% 2’FL did not reach significance. These 
data indicate that dietary intervention with 2’FL next to B cell development also increased vac-
cine-specific T-cell responses.

In parallel with these proliferation assays, unlabeled splenocytes were co-cultured with BMDCs 
loaded with or without influenza and vaccine-induced cytokine production were determined in the 
cell supernatant collected at day. In line with observed T-cell changes in the spleen, both 0.5% and 
1% 2’FL diets induced higher IFN-γ production of the spleen cells compared to control diet (Figure 
5E, p<0.05, p<0.05, respectively), and a tendency toward increased levels of IL-2 after vaccine 
re-stimulation was observed (Figure 5F). 
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FIGURE 5| Vaccine-specific proliferation and cytokines production after ex vivo re-stimulation with influenza-loaded BMDCs. 

(A) Representative plots of proliferated CD4+ and CD8+ T cells after ex vivo re-stimulation. (B) Absolute events of live sple-

nocytes after ex vivo re-stimulation. Percentage of proliferated (C) CD4+ and (D) CD8+ T cells after ex vivo re-stimulation. 

Production of (E) IFN-γ and (F) IL-2 after ex vivo re-stimulation. BMDCs were derived prior to the section at day 25, and loaded 

with or without 0.9ug/ml influvac for 24h, at day 31, BMDCs were co-cultured with CFSE-labeled whole spleen cells from sham 

or vaccinated mice at a ratio of 1:10 for 5 days, fresh spleen suspensions were derived from spleen samples collected at day 31. 

Co-cultured cells were stained with viability dye (APC-cy7), CD4 (APC) and CD8 (PE) antibody before FACS measurement, 

cell proliferation was monitored by levels of CFSE dilution. In a parallel experiment, influenza-loaded BMDCs were co-cultured 

with whole spleen cells from sham or vaccinated mice at a ratio of 1:10 for 5 days, supernatant was collected at day 5. IFN-γ was 

measured by Elisa assays; IL-2 was measured by Biolegend assay. Data are presented as mean ± SEM of n = 2–3/group in sham 

group, and n=6–9/group in other groups; Sham group (n=3) was never used for statistical comparisons to supplemented groups, 

but served solely to demonstrate the specificity of vaccine-induced responses. *p<0.05, **p<0.01 are significantly different as 

compared to control using Kruskal–Wallis’ non-parametric test, followed by Dunn’s post hoc test for selected pairs.
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Dietary 2’FL Differentially Changed Intestinal mRNA Expression 
To detect effects of dietary 2’FL on the intestinal inflammation, ileal mRNA expression profiles 
were analyzed. 2’FL is a FUT2-dependent HMOS and FUT2 is a gene that encodes α (1,2)-fucosyl-
transferase which has been implicated to decreased risk of infectious diseases(26). Here, we detected 
a significant increase in mRNA expression of FUT2 in the ileum of mice receiving 2’FL (Figure 
6A, p<0.05 for 0.5% 2’FL, p<0.01 for 1% 2’FL). On the other hand, mRNA levels of FUT8 was 
significantly down-regulated in mice receiving 2’FL (Figure 6A, p<0.001 for 0.5% 2’FL, p<0.05 
for 1% 2’FL). 

In order to detect 2’FL specific anti-inflammatory properties on human intestinal cells(27), both anti- 
and pro-inflammatory cytokine related genes were measured. As shown in Figure 6B, no effect of 
the dietary interventions was distinguished on IL-10 mRNA expression, however, an increase in the 
mRNA expression of TGF-β3 was detected (p<0.01 for 1% 2’FL). mRNA expression of (pro-)in-
flammatory cytokine related genes, namely IL-1α, IL-1β, TNF-α and CXCL-10, except for CXCL-
9, were significantly decreased by dietary 2’FL. Interestingly, mRNA expression of IL-12β was also 
enhanced, which seems associated with the DCs activation status shown in Figure 6C. Moreover, 
the qPCR data revealed reduced CD86 and increased CD80 mRNA levels in the ileum by dietary 
2’FL (Figure 6C). The increased PD-L1 mRNA confirms the tolerogenic phenotype of intestinal 
DCs since the expression of PD-L1 has been correlated with induction of Foxp3+Tregs(28).

2’FL Directly Modulate the Phenotype and Antigen-presenting Capacity of BMDCs 
in Vitro
Since HMOS are also potential microbiota modulators, it is still unclear whether the observed in 
vivo immunomodulatory effects of dietary 2’FL are direct and/or microbiota-dependent. To study 
the direct effect of 2’FL on immune regulation, an in vitro study in which BMDCs were treated by 4 
different concentrations (0.125%, 0.25%, 0.5%, and 1% (w/v in medium)) of 2’FL was performed. 
Medium un-treated and LPS (100ng/ml) treated cells were used as negative and positive control, 
respectively. Using the same analysis strategy as used for the in vivo experiment, DCs were first 
distinguished by gating at CD11c+MHCII+ cells (Figure 7A). 2’FL had no effects on percentage of 
CD11c+MHCII+ DCs compared to untreated control cells (Figure 7B). The percentage of CD40+ 
and CD86+ expression on BMDCs was increased (0.29 relative fold and 0.24 relative fold, respec-
tively) by the 1% 2’FL (Figure 7C, D), whereas only the MFI of CD86+ expression was significant-
ly elevated by 1% 2’FL (Figure S2A, 0.26 relative fold increase, p<0.01). Although the percentage 
of MHC-I was not changed (Figure 7E), the MFI of MHC-I expression on BMDCs was significantly 
increased by 1% 2’FL (Figure S2C, 0.47 relative fold increase, p<0.05). 2’FL had no effects on the 
IL-10 production (Figure 7F) but increased IL-12p70 production at the lowest concentration (Figure 
7G, p<0.01) compared to untreated control were detected. 
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FIGURE 6| Impact of the 2’FL dietary intervention on mRNA expression in ileum collected at day 31. Relative expression of 

(A) fucosyltransferases related genes including FUT 2 and FUT8, (B) anti- (TGF-beta3, IL-10) and pro-inflammatory cytokines 

(IL-12β, IL-1α, IL-1β, TNF-α) and chemokines (CXCL10, CXCL9) related gene expression, and (C) Co-stimulatory (CD80, 

CD86, CD40) and inhibitory (PD-L1) markers gene. Data are presented as mean ± SEM of n=6–9/group; *p<0.05, **p<0.01, 

***p<0.001 indicate significant differences. Kruskal–Wallis’ non-parametric test, followed by Dunn’s post hoc test for selected 

pairs was used.
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FIGURE 7| Effects of 2’FL on the phenotypes and antigen presenting capacity of BMDC in vitro. (A). Representative plots 

and histogram of splenic DCs from untreated control (Cont) and 1% 2’FL, LPS (100ng/ml) was used as a positive control. 

Percentage of (B) CD11c+MHCII+ DCs in total live cells, maturation status was further distinguished based on their percentage 

of surface markers (C) CD86, (D) CD40, and (E) MHC-I positive expression. (F) IL-10 and (G) IL-12 production by BMDCs. 

Immature BMDCs were generated and treated with 0.125%, 0.25%, 0.5%, or 1% 2’FL for 24h, medium and LPS stimulation 

was used as negative and positive control, respectively. Cells were collected for analyzing the phenotypes of BMDCs by flow 
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cytometry; supernatant was collected for the measurement of IL-10 and IL-12p70 by Elisa assays. (H) Representative plots of 

proliferated CD4+ and CD8+ T cells after ex vivo re-stimulation by different DCs. Percentage of proliferated (I) CD4+ and (J) 

CD8+ T cells after ex vivo re-stimulation by different DCs. Immature BMDCs were treated with either medium or 1% 2’FL for 

5h before being loaded with 0.9ug/ml influvac for 24h, afterwards different BMDCs were co-cultured with CFSE-labeled fresh 

whole spleen cells from non-vaccinated (sham) or vaccinated mice at a ratio of 1:10 for 5 days, fresh spleen suspensions were 

derived from spleen samples of vaccinated donor mice at day 31. Co-cultured cells were stained with CD4 (APC) and CD8 

(PE) antibody before FACS measurement, cell proliferation was monitored by levels of CFSE dilution. Data are presented as 

mean ± SEM, 6 independent experiments were performed; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Kruskal–Wallis’ 

non-parametric test was used for panels B-G. Kruskal–Wallis’ non-parametric test, followed by Dunn’s post hoc test for selected 

pairs was used for panels I, J. iDC-influ=immature DCs loaded with influvac; 2’FL-DC_influ=1% 2’FL treated DC loaded with 

influvac; Sham_spl= spleen cells from sham mice; Vacc_spl= spleen cells from vaccinated mice. 

To determine the antigen presenting capacity of 2’FL modulated BMDCs, in vitro re-stimulation 
assay was performed. BMDCs were treated with 1% 2’FL since this concentration induced maximal 
phenotypical changes as shown in Figure 7C-E, thereafter BMDCs were loaded with or without 
0.9μg/ml influvac for 24h before being co-cultured with fresh whole splenocytes from non-vacci-
nated (sham) or influenza-vaccinated mice. Proliferation of CD4+ and CD8+ T cells were measured 
by flow cytometry. 1% 2’FL treated BMDCs induced 7.7% higher proliferation of vaccine-specif-
ic CD4+ T cells compared to medium untreated BMDCs (Figure 7I, p<0.05). Besides, 1% 2’FL 
treated BMDCs induced an increasing tendency of proliferated CD8+ T cells (Figure 7I, p=0.06). 
These findings are consistent with in vivo data, supporting direct effects of 2’FL on phenotype and 
function of antigen presenting DCs and consequently improved immune development, resulting in 
enhanced vaccine response. 

DISCUSSION

Within this study, we demonstrate that dietary 2’FL, dose-dependently improve both cellular and 
humoral influenza vaccine responses in a murine vaccination model. Followed by in vitro confirma-
tion of a microbiota-independent direct immunomodulatory property of 2’FL on antigen presenting 
DCs. Specific HMOS structures have been shown to be linked to a reduction in the risk of food al-
lergy(29,30)and infectious episodes(31). The immunological consequences of adding this single dietary 
component normally present within a complex matrix of human milk oligosaccharides were studied 
in an established immune system. To our knowledge, this is the first demonstration of a specific 
HMO capable to directly improve vaccine responsiveness in an influenza vaccination murine model.

Efficacy of neonatal vaccination is expressed in correlation of protection, and/or vaccine specif-
ic antibody levels(25). Limitations in establishment of proper early-life IgG antibody responses in 
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terms of both quantity and quality may be due to intrinsic limitation of B cells in development(32). 
Therefore inducing improved B-cell responses is seen as a potential strategy towards improved 
vaccine efficacy. Here, we identify dietary 2’FL to be capable to enhance both the B cell frequency 
and activation (Figure 2), resulting in improved vaccine specific humoral responses as observed 
by enhanced levels of IgG1 and IgG2a in mice (Figure1D, E). However, unlike the present study, 
previous studies in which prebiotic scGOS/lcFOS improved the influenza vaccine-specific DTH 
responses, limited to no effects on vaccine-specific IgG1 and IgG2a antibody responses were de-
tected(17), indicating a different immunomodulatory mechanism by which dietary 2’FL now seems 
to improve the vaccine efficacy in mice. This vaccination model is well suited to establish the 
capacity of one’s immune system to respond to a given antigen, which is a very good way to study 
immune modulation by nutrition(33). In order to determine potential use and translational capacity 
of our findings, further research is warranted. In human studies, decreased numbers of memory B 
cells (CD27+IgA+, CD27+IgM+ and CD27-IgG+ memory B cells) were detected in blood samples 
of healthy breastfed children without notification of secretor status(34). On the other hand, the pres-
ence of activated B cells that are primed to secret IgG(35), as well as specific antibodies against viral 
or bacterial antigens(36) are present in breast milk. Similar to our study, other components present 
in human milk, have been found to influence vaccination responses directly. For instance, a diet 
enriched in (n-3) lcPUFA contributes to a healthy immune response using same in vivo models(37) 
as well as models with altered B cell activity(38). Bioactive components such as 2’FL present within 
the complex mixture of HMOS, can stimulate B-cell development and subsequent antibody produc-
tion, which are known human milk induced immune benefits. We therefore suggest, that additional 
research is needed to see what the contribution of 2’FL alone is in combination with other prebiotic 
oligosaccharides, and nutritional components. In addition, future clinical studies are warranted to 
further prove effect of dietary 2’FL in the developing immune system of infants, immune compro-
mised population and/or the elderly. 

Dendritic cells are professional antigen-presenting cells that initiate and prime adaptive immune 
response, and thus are critically important in the induction of vaccine-specific cellular immune 
responses(14). The DCs maturation status, which is characterized by an increase in cell surface ex-
pression of MHC-I and MHC-II molecules and co-stimulatory molecules including CD40, CD86, 
increased antigen presenting capacity and induction of specific cytokine production(39), is of great 
importance to lead to an optimized ability to initiate T-cell immunity. In the current study, dietary 
2’FL induced a higher percentage of mature CD11+MHC-II+ DCs in the spleen of the vaccinated 
mice (Figure 3B, C, D). However, since metabolites from bacterial HMOS degradation, such as 
SCFAs can directly interact with both human and murine DCs(40), it was not clear whether the 
maturation effects of dietary 2’FL on the DCs were directly mediated or derived through a micro-
biota-dependent mechanism. Our in vitro data show an 2’FL concentration-dependently increase in 
the expression of CD40 and CD86 on the CD11c+MHCII+ DCs (Figure 7 C, D, E), and antigen-pre-
senting function with increased proliferation capacity of antigen-specific CD4+ and CD8+ T cells 
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(Figure 7 I, J). These findings together confirm that 2’FL directly interacts with antigen presenting 
DCs. This notion is supported by the evidence that 2’FL binds to DC-SIGN, which is expressed 
on DCs(15). However, whether or not 2’FL interacts with DC-SIGN, as well as DC-SIGN-mediated 
signaling is responsible for the observed immune regulation needs to be further investigated. 

The functional changes of DCs were subsequently reflected by the induction of higher percentage 
of Tbet-expressing CD4+ T cells in the spleen of mice receiving dietary 2’FL (Figure 4D). This is 
in line with previous studies where dietary supplementation of prebiotic oligosaccharides enhanced 
systemic Th1-skewed cytokines in a murine vaccination mouse model(19). In the same vaccination 
model, scGOS/lcFOS supplementation increases systemic Th1 responses as seen by increased per-
centage of Tbet+ activated CD69+CD4+ T cell(18). Our findings together with these studies, under-
score the critical role of immune-modulating and, more specifically, Th1-skewed effect of dietary 
oligosaccharides in the improvement of vaccine responsiveness. Furthermore, ex vivo re-stimula-
tion of splenocytes from 2’FL-fed vaccinated mice by influenza-loaded BMDCs results in a higher 
proliferation of vaccine-specific CD4+ and CD8+ T-cell compared to control vaccinated mice (Fig-
ure 5C, D), accompanied by a higher production of IFN-γ (Figure 5E). These results indicate that 
dietary 2’FL equipped the vaccinated mice with the capacity to effectively and sustainably expand 
vaccine-specific CD4+ and/or CD8+ T cells producing IFN-γ upon encountering corresponding 
antigens. Thus, next to the innate immunity, dietary 2’FL also enhances the adaptive immunity in 
this murine vaccination model, indicating the potential of 2’FL in the acquisition of immune com-
petence during early life of infants.

Nutritional factors are regulators of gene expression in mammals, it is therefore reasonable to as-
sume that one of the possible explanations for the vaccination response improving effects of the 
dietary 2’FL is modulation of gene expression. Here, we reported that dietary 2’FL up-regulated 
intestinal FUT2 gene expression while down-regulated FUT8 gene expression (Figure 6A), both of 
which encode fucosyltransferase enzymes, indicating the impact of dietary 2’FL on the metabolism 
of the vaccinated mice. The adapted metabolism may subsequently lead to initiating an intracellular 
signalling pathway that coordinately regulates this set of genes. Our observation that anti- or pro-in-
flammatory cytokines production related genes, as well as co-stimulatory signalling related genes 
were changed seem to reflect the metabolic changes. In the human intestine, FUT2 gene expression 
has been strongly associated with the diversity and composition of Bifidobacterial population(41), 
which has been associated to improvement of the vaccine-specific DTH responses by scGOS/lcFOS 
supplementation(19). However, the direct relation between alteration of these gene expressions with 
improved vaccination efficacy needs to be further investigated. 

Human milk is a well-established factor to strengthen the defence against infections in infants(42–44), 
and 2’FL is a principal component of the complex HMOS mixture present in human milk. In the 
current study, we demonstrated an improvement of vaccine-specific DTH and antibody responses by 
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dietary 2’FL. The stimulatory effects were associated with activation of memory B cells, induction 
of optimal Th1 responses via maturing DCs in the spleen, and facilitation of expanding vaccine-spe-
cific splenic CD4+ and CD8+ T-cells upon re-stimulation ex vivo. These data together with the in 
vitro data indicate the presence of a microbiota-independent direct immune modulatory potential of 
2’FL, and thus support the notification of health beneficial properties derived from complex mixture 
of oligosaccharides within human milk. 
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SUPPLEMENTARY MATERIAL

FIGURE S1| Flow cytometric analysis of Th1 and Tregs populations in the MLN. (A) Percentage of CD4+ T cells of total 

live lymphocytes. Percentage of (B) early (CD4+CD69+ cells) and (E) late activated (CD4+CD25+ cells) CD4+ T cells in the 

MLN. Percentage of (C) Th1 cells (Tbet+ of CD4+CD69+ cells) and (F) Tregs (Foxp3+ of CD4+CD25+ cells) in the MLN. 

Activation of Th1 (D) and Treg (G) was presented by the MFI of CD69 expression. (H) Percentage of Foxp3+Tbet+Tregs (Tbet+ 

of CD4+CD25+Foxp3+ cells). Briefly, No differences between the dietary intervention groups on the percentage of CD4+ and 

CD4+CD69+ T cells (Figure S1B) in the MLN were studied. Significantly lower percentages of Th1 cells (Tbet+CD69+CD4+ 

T-cell) were observed in both 0.5% and 1% 2’FL supplemented groups compared to control group, although the activation status 

as shown by the MFI of CD69+ expression of cells did not differ between groups. In line with the observed increased frequency 

of CD103+ DCs in the MLN, both 0.5% and 1% 2’FL groups displayed increased percentages of CD4+CD25+ T-cell and Foxp3+ 

Tregs compared to control group. The activation status as shown by the MFI of CD69+ expression of Tregs and the percentage 

of Foxp3+Tbet+ Tregs remained unaffected by dietary 2’FL in the MLN. Data are presented as mean ± SEM of n = 7–9/group; 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 one-way ANOVA followed by Bonferroni’s post hoc test for selected groups. 
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Figure S2. Median Florescence Intensity (MFI) of surface markers (A) CD86, (B) CD40, and (C) MHC-I expression on BMDCs 

treated by medium, LPS, (0.125-1%) 2’FL. The y-axis of the column bar graphs shows the relative expression of surface markers 

obtained by setting medium control as 1-fold within one experiment and for each donor. Data are presented as mean ± SEM, 

4 independent experiments were performed; *p<0.05, **p<0.01, ***p<0.001. Kruskal–Wallis’ non-parametric test was used.
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ABSTRACT

Background
Human milk oligosaccharides (HMOS) play a critical role in the immunological development of 
breastfed infants. HMOS consist of short-chain (sc) and long-chain (lc) oligosaccharides in a 9:1 
ratio. 2’-Fucosyllactose (2’FL) is one of the most abundant HMOS structures that have been re-
ported to improve vaccine responsiveness. Therefore, a combination of 2’FL with prebiotic short 
chain Galacto-oligosaccharide (scGOS) and long chain Fructo-oligosaccharide (lcFOS) (9/1) was 
designed to analyse host microbe interaction and immune responsiveness. 

Aim
To investigate the effect of 2’FL/scGOS/lcFOS on microbiota composition and vaccine-specific 
immune responses in a murine influenza vaccination model, and to elucidate mechanisms involved.

Methods
Dietary intervention was provided to C57BL/6 mice two weeks prior to vaccination with influvacc, 
until the end of the experiment. Immune responsiveness was determined by measuring vaccine-spe-
cific delayed-type hypersensitivity (DTH), serum antibody levels, and immune cell populations 
within the mesenteric lymph nodes (MLN). In addition to the intestinal homeostasis, the microbiota 
composition as well as its metabolites short chain fatty acids (SCFAs) in cecum content and feces 
were measured using 16S rRNA sequencing and Gas Chromatography, respectively.

Results
In mice receiving 2’FL/scGOS/lcFOS diet, increased influenza vaccine-specific DTH responses 
were detected (p<0.01), as well as elevated levels of vaccine specific IgG1 and IgG2a compared 
to vaccinated mice receiving control diet. In the MLN of mice receiving 2’FL/scGOS/lcFOS diet, 
a significant (p<0.05) increased percentage of activated B-cells, Tregs and Th1 cells were detected 
as compared to mice receiving control diets. Interestingly, the increased levels of cecal short chain 
fatty acids (SCFAs) could be significantly correlated to both DTH responses, as well as the humoral 
response. Furthermore, significant correlations were detected between specific bacterial genera and 
vaccine-specific responses which support the notification that addition of 2’FL/scGOS/lcFOS to 
the diet significantly alters the microbial development, community structure (a and b diversity) and 
thereby influences immune development in mice.

Conclusion
Dietary intervention with prebiotic 2’FL/scGOS/lcFOS improves immunity as measured by influ-
enza vaccine responses in mice. These immunological changes correlate to the microbiota compo-
sition and are suggestive for an improvement of host’s microbial interaction starting early in life.
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INTRODUCTION 

In addition to the provision of clean water and hygiene measures, vaccination is the second public 
health intervention providing protection against serious infections(1). Vaccine-mediated protection 
against infectious diseases is measured using the humoral immune response and memory B-cell 
development(2). In addition, efficient antigen presentation by dendritic cells (DC) leading to adap-
tive T-cell responses, are important for the vaccine-mediated protection by ensuring induction of 
high-affinity antibodies and establishment of immune memory(3). However, the susceptible popula-
tion (e.g., infants, preterm born infants, immune compromised individuals, as well as the elderly) 
often show a limited responsiveness to vaccination, due to their immature or weakened immune 
system(4). Therefore, alternative strategies for improving vaccine efficacy for these populations are 
important to assess.

One of the environmental factors shaping humoral and cellular immune responses in early life 
is the gastrointestinal tract’s microbiota(5). In this regard, germ-free as well as antibiotic-treated 
mice showed an significantly impairment of antibody responses to influenza vaccination(6), which 
could be restored by oral reconstitution of gut microbiota(7). Moreover, also on the level of cellular 
responses to given antigens, DCs, influenza-specific CD4+ and CD8+ T-cell responses have been 
reported to be influenced by specific commensal microbiota(8). This indicates a critical role for gut 
regulated host microbe interactions and the establishment of vaccine responses. Several mecha-
nisms through which vaccine responsiveness can be influenced by microbiota have been postulated. 
For example, flagellin produced by the gut microbiota has been shown to support vaccine-specific 
antibody responses through TLR5-mediated signalling(6). Aside from flagellin stimulation, gut mi-
crobiota may influence vaccine responses also through the production of metabolites such as short 
chain fatty (SCFAs). SCFAs are produced by bacteria from carbohydrates (non-digestible dietary 
fibers, prebiotic oligosaccharides, or human milk oligosaccharides (HMOS)) which occur predom-
inantly in the colon9. In this respect, we recently showed that dietary supplementation with HMOS 
isolated from human milk resulted in increased level of SCFAs within non-obese diabetic mice(10). 
SCFAs are known to have immunomodulatory effects on various cell types such as B-cell(11), DCs(12) 
and T-cell(13). Furthermore, the direct effect of SCFAs on mouse bone marrow derived DCs and 
subsequent DC-T cells interactions were detected in vitro. SCFAs derived from dietary fibers have 
been shown to regulate gene expression and enhance plasma B-cell differentiation and energy me-
tabolism, thereby promoting antibody responses in mice(11).
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Both HMOS and prebiotic oligosaccharides have direct immune modulatory effects, together with 
their potential in regulating gut microbiota composition and metabolites, it is plausible to suggest 
that dietary intervention with HMOS and/or prebiotic oligosaccharides can enhance vaccine-in-
duced humoral and cellular immune responses. Indeed, our recent and earlier studies have shown 
that dietary supplementation with specific HMO 2’-Fucosyllactose (2’FL)(14) and prebiotic oligo-
saccharides short-chain Galacto-oligosaccharides/ long-chain Fructo-oligosaccharides (scGOS/lc-
FOS)(15,16) can improve influenza vaccine responses in mice, respectively. The beneficial effects of 
2’FL on vaccine responses has been partially attributed to the direct immunomodulatory properties, 
however the role of its microbiota modulation in vaccine efficacy remains unknown(14); whereas 
limited association exists between microbiota changes induced by scGOS/lcFOS and vaccination 
response(16). Therefore, within current study, we explored whether the combination of 2’FL and pre-
biotic oligosaccharides scGOS/lcFOS influences vaccine-specific immune response and elucidate 
the link between alterations of gut microbiota (composition and metabolism) on immune responses 
induced by 2’FL/scGOS/lcFOS.

MATERIALS AND METHODS

Mice
6-week-old female C57Bl/6JOlaHsd mice were purchased from Envigo (Horst, The Netherlands) 
and housed in the animal facility of Utrecht University. Mice were kept under normal conditions, 
with a 12 h dark and light cycle with access to food and water ad libitum. The animals received 
standard diets and routine care for a week upon arrival, before the start of the experiments. All ex-
periments were approved by the Animal Ethics Committee of Utrecht University (approval number 
DEC 2015.II.243.038).

Vaccination and Dietary Intervention Protocol
The vaccine protocol has been described previously(14), and was shown to induce submaximal vac-
cine responses to allow detection of dietary induced modulations. Briefly, C57Bl/6JOlaHsd mice 
were given either control AIN93G diet or the prebiotic diet containing scGOS, lcFOS as well as 
the human milk specific oligosaccharide 2’FL (produced by bacterial fermentation and obtained in 
>90% purity) diet after 1-week acclimatization until the last day of the experiment (n=9 per group). 
A total of 2.2% (wt/wt) of carbohydrates present in the control diet were exchanged by prebiotics 
(2’FL/scGOS/lcFOS (2.2%), SNIFF Spezialdiäten GmbH, Germany). Subcutaneous (s.c.) vacci-
nation was conducted using Influvac (Abbott Biologicals B.V., Weesp, The Netherlands, season 
2015/2016). Under Isoflurane anesthesia, all mice received a primary and secondary (21 days later) 
vaccination of 100 μL (90 μg/mL). The sham group (n=3) received 100 μL PBS was not used for sta-
tistical comparisons, but solely serves to demonstrate the specificity of vaccine-induced responses. 
Antigen specific Delayed-type hypersensitivity (DTH) reactions, set at day 30, by s.c. injection of 
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20 μL dialyzed Influvac into the ear pinnae of the right ear, and 20 μL PBS into the ear pinnae of left 
ear was used as control. Ear thickness was measured in duplicate before and 24 h after injection, us-
ing a digital-micrometer (Mitutoyo Digimatic 293561, Veenendaal, The Netherlands). In addition, 
after sacrificing the mice, both ears were punched with a sharped metal borer for the measurement 
of ear weight. Experimental design is shown in Figure 1A.

Vaccine-specific Immunoglobulins in Serum
Determination of vaccine-specific antibodies was performed as described previously(17). Briefly, 
blood was collected via cheek puncture at day 31 and centrifuged (10,000 rpm for 10 min), serum 
was stored at −80°C until analysis of vaccine-specific antibodies by means of ELISA. 96-well plates 
(Costar EIA/RIA plate, Alphen a/d Rijn, The Netherlands) were coated with 1:100 diluted Influvac 
in PBS. Blocking reagent was 2% BSA (Sigma, Zwijndrecht, The Netherlands) in PBS. A dilution 
series of pooled serum that contained vaccine specific antibodies was added for standard curve 
calculation. 10ml/mouse serum was used to determine vaccine-specific IgG1 and IgG2a levels with 
a final dilution of 14700´ by a serial dilution. Anti-IgG1-biotin and anti-IgG2a-biotin (Becton Dick-
inson, Heerhugowaard, The Netherlands) antibodies were diluted 1:1000 in dilution buffer. For the 
biotin-conjugated antibodies, the plates were subsequently incubated with a 1: 20,000 dilution of 
streptavidin-HRP (Biosource, Etten-Leur, The Netherlands). Optical density was measured with a 
Benchmark microplate reader (BioRad, Hercules, CA, USA) at a wavelength of 490 nm. Concentra-
tions in test sera were calculated in arbitrary units (AU), relative to the standard curve of the diluted 
pooled serum. The top concentration of the pooled serum was defined as 100 AU/mL.

Flow Cytometry of Immune Cells
To measure immune development on cellular level, freshly mesenteric lymph node (MLN) cells 
were stained and analysed using flowcytometry. Cells obtained and re-suspended in PBS/ (1%) 
bovine serum albumin were incubated with anti-mouse CD16/CD32 (Mouse BD Fc Block; BD 
Pharmingen, San Jose, CA, USA) to block non-specific binding sites for 20 min on the ice. For 
surface staining, cells were incubated with CD4-PerCp-Cy5.5, CD69-PE, CD25-AlexaFluor488, 
CD11c-PerCp-Cy5.5, CD103-APC, CD40-FITC, CD86-PE-cy7, MHCII-APC, CD3-Percy5.5, 
CD27-PE, CD19-APC, B220-FITC, (eBiosciences, San Diego, CA, USA). Viable cells were dis-
tinguished by means of a fixable viability dye eFluor® 780 (eBioscience), per sample 0.5´10(6) 

and 1x10(6) cells were used for surface and intracellular staining, respectively. More than 80% live 
cells were obtained in all the stainings. For detecting transcription factors, cells were first fixed and 
permeabilized with Foxp3 Staining Buffer Set (eBioscience) according to manufacturer’s protocol 
and then stained with Foxp3-PE-cy7, and Tbet-APC (eBioscience). Isotype controls were used for 
each antibody and fluorescence-minus-one’s controls were used to identify the positive population 
from the negative population (all Isotypes purchased from eBioscience). In addition, anti-mouse 
CD16/32 antibody was used as an Fc-block prior to staining the samples (eBioscience). Results 
were collected with BD FACS Canto II flow cytometer (Becton Dickinson, Franklin Lakes, NJ, 
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USA) and analyzed with FlowLogic software (Inivai Technologies, Mentone, VIC, Australia).

Generation and Treatment of Bone Marrow Derived Dendritic Cells (BMDCs)
Surplus mice (Female, 11-week-old C57BL/6JOlaHsd) were kept in our animal facility at the Cen-
tral Animal Laboratory (GDL), Utrecht University, The Netherlands. Bone marrow cells were iso-
lated from femurs and cultured in RPMI 1640 medium (Gibco) supplemented with 10% FBS and 
100U/ml penicillin/streptomycin, 10 mM HEPES, 1 mM sodium pyruvate and Eagles minimum 
essential medium (MEM) non-essential amino acids (all from Gibco Life Technologies) in the pres-
ence of 10ng/ml GM-CSF (Prosepec, The Netherlands) for 6 days to obtain immature BMDC (iDC). 
Induced iDCs were treated with either medium, 2mM Acetate (Ace), 2mM Butyrate (But), 2mM 
Propionate (Pro), or mixture of SCFAs (all from Sigma-Aldrich, The Netherlands) for 5h before 
being loaded with 0.9 μg/mL influvac and cultured for 24 h thereafter. Phenotypes of DCs were 
identified using flow cytometry after viability CD11c, CD40, CD80, CD86, MHC-II staining. 

Ex Vivo Re-stimulation of Whole Splenocytes with Vaccine-loaded BMDCs treated 
with or without SCFAs
To establish antigen specific cellular responses and investigate the effects SCFAs on the vaccine-spe-
cific antigen-presenting capacity of BMDCs, a separate small animal experiment was performed for 
obtaining the non-vaccinated and vaccinated spleens. Fresh spleens obtained from 3 sham mice and 
6 vaccinated mice were removed aseptically, single cell suspensions were labeled with cell trace 
dye CFSE (Thermo Fisher, The Netherlands) according to the manufacturers’ instructions at a final 
concentration of 1µM. FITC-positive cells were acquired and co-cultured with SCFAs-treated DCs 
or iDCs loaded with or without influenza virus at 10:1 in 96-well U-bottom culture plates for 5 days 
at 37°C, 5% CO2. The mix of co-cultured cells was collected at day 5, and thereafter stained with 
viability dye, CD4-APC and CD8-PE (eBioscience, the Netherlands) to allow measurement of vac-
cine-specific CD4+ and CD8+ proliferation of splenocytes by flow cytometry. 

qPCR Analysis
Ileum samples from vaccinated mice were collected in RNAlater (Invitrogen, Thermo Fisher 
Scientific, Waltham, MA, USA) and stored at −80°C until mRNA isolation. Before mRNA iso-
lation, tissues were homogenised by using Precellys® CKMix Tissue Homogenizing Kit (Bertin, 
KT039611009.2) with the Precellys 24 homogenizer (Bertin, EQ03119-200-RD000.0). mRNA was 
extracted using a NucleoSpin® RNA Plus kit (Macherey-Nagel, 740984.250) in combination with 
the rDNAse set (Macherey-Nagel, #740963) to remove contaminating DNA. cDNA was synthe-
sized using an iScript™ advanced kit (Bio-Rad, Basel, Switzerland) according to the manufactur-
er’s protocol in the PTC-100 Programmable Thermal Controller (MJ research, PTC-100). cDNA 
and mRNA samples were stored at -80°C. Quantitative analysis was performed on a CFX96 Re-
al-Time C1000 Thermal Cycler detection system with the use of an IQ™ SYBR® Green Supermix 
according to manufacturer’s protocol (both from Bio-Rad). Custom designed primers were made 
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for CD40, CD80, CD86, IL-1α, IL-1β, IL-12β, CXCL9, CXCL10, CLDN1, CLDN2, CLDN3, ZO-1 
and reference gene GAPDH (Biolegio, Nijmegen, The Netherlands, gene sequences and annealing 
temperatures are listed in Table 1). 300 nM forward and reverse primers were used in 10 µl reactions 
(8.8 µl mix + 1.2 µl cDNA), which were measured in a 96 well Hard-Shell PCR plate with thin walls 
(Bio-Rad, HSP9601). The plate was covered with a Microseal ‘B’ film (Bio-Rad, MSB1001) and 
then measured at the appropriate temperature for 40 cycles in the CFX96 Real-Time System C1000 
Thermal Cycler (Bio-Rad, 1855195). All samples were measured in triplicate, values within each 
triplicate that differed ≥ 0.5 CT were removed. The average of the remaining values were calculated 
for each mouse with the Livak method (2-ΔΔCT)(21) and depicted as a fold change of the average of 
control group (1 fold).
 
TABLE 1| Sequences of specific primers for detected genes with corresponding accession number.

Gene ID Accession number Forward primer sequence (5’-3’) Reverse primer sequence (5’-3’)

IL-12β NM_001303244.1 GTAACCAGAAAGGTGCGTTCC GAACACATGCCCACTTGCTG

IL-1α NM_010554.4 ATGAAGCTCGTCAGGCAGAAG GAGATAGTGTTTGTCCACATCCTGAT

IL-1β NM_008084.2 ATCCCAAGCAATACCCAAAGAA GCTGATGTACCAGTTGGGGAA

CXCL9 NM_008599 TCTGCCATGAAGTCCGCTG CAGGAGCATCGTGCATTCCT

CXCL10 NM_021274.2 GCCGTCATTTTCTGCCTCAT GCTTCCCTATGGCCCTCATT

CD80 NM_009855.2 TGGGAAAAACCCCCAGAAGAC GCCCGAAGGTAAGGCTGTT

CD86 NM_019388.3 CAGCACGGACTTGAACAACC CTCCACGGAAACAGCATCTGA

CD40 NM_011611.2 ACTAATGTCATCTGTGGTTTAAAGT GAAACACCCCGAAAATGGT

CLDN1 NM_016674 TCTACGAGGGACTGTGGATG TCAGATTCAGCTAGGAGTCG

CLDN2 NM_016675.4 GGCTGTTAGGCTCATCCAT TGGCACCAACATAGGAACTC

CLDN3 NM_009902 AAGCCGAATGGACAAAGAA CTGGCAAGTAGCTGCAGTG

ZO-1 NM_009386 CGAGGCATCATCCCAAATAAGAAC TCCAGAAGTCTGCCCGATCAC

SCFAs Measurement
SCFAs-acetic acid, propionic acid and butyric acid in the fecal samples and cecum content were 
measured by Gas Chromatography as described before(17). Briefly, the exact weight of fecal pellets 
or cecum content were determined and 10x diluted with ice cold PBS (w/v,) homogenized exten-
sively, centrifuged and supernatants were stored at -80°C. SCFAs were quantitatively determined 
by a Varian 3800 gas chromatograph (GC) (Varian, Inc., Walnut Creek, U.S.A.) equipped with 
a flame ionization detector. 0.5μL of the sample was injected at 80°C in the column (Stabilwax, 
15m×0.53mm, film thickness 1.00 μm, Restek Co., USA) using helium as carrier gas (3.0 psi). Data 
are expressed in mmol/g of sample weight.

Microbiota Profiling and Bioinformatics Analyses
Total DNA was extracted from both mice fecal samples (collected at day 30) and cecum content 
(collected at day 31) utilizing the FastDNA bead-beating Spin Kit for Soil (MP Biomedicals, Solon, 
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OH, USA), and verified with fluorometric quantitation (Qubit, Life Technologies, Grand Island, 
NY). Primers 515FB/806RB (515FB:GTGYCAGCMGCCGCGGTAA; 806RB:GGACTACNVGG-
GTWTCTAAT) targeting the V4 variable region of microbial small subunit (SSU or 16S) ribosom-
al RNA (rRNA) genes were used for PCR (as described in Walters et al. 2016)(19), and prepared 
for high-throughput amplicon sequencing using a modified two-step targeted amplicon sequencing 
(TAS) approach, as described previously(20). Negative controls were used with each set of amplifi-
cations, which indicated no contamination. Samples were pooled in equal volume using an EpMo-
tion5075 liquid handling robot (Eppendorf, Hamburg, Germany). The pooled library was purified 
using an AMPure XP cleanup protocol (0.6X, vol/vol; Agencourt, Beckmann-Coulter) to remove 
fragments smaller than 300 bp. The pooled libraries, with a 20% phiX spike-in, were loaded onto 
an Illumina MiniSeq mid-output flow cell (2x153 paired-end reads) and sequenced using Fluidigm 
sequencing primers. Based on the distribution of reads per barcode, the amplicons (before purifica-
tion) were re-pooled to generate a more balanced distribution of reads. The re-pooled and re-puri-
fied libraries were then sequenced on a high-output MiniSeq run. Library preparation, pooling, and 
MiniSeq sequencing were performed at the DNA Services (DNAS) facility, Research Resources 
Center (RRC), University of Illinois at Chicago (UIC). The raw sequence data (FASTQ files) were 
deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive 
(SRA), under the BioProject identifier PRJNA453755.

Raw FASTQ files for each sample were merged using the software package PEAR (Paired-end-read 
merger) (v0.9.8)(21,22). Merged reads were quality trimmed and sequences shorter than 250 bases 
were discarded (CLC Genomics Workbench, v10.0, CLC Bio, Qiagen, Boston, MA). Sequences 
were screened for chimeras (usearch8.1 algorithm)(23), and putative chimeric sequences were re-
moved from the dataset (QIIME v1.8)(24). Each sample was rarefied (22,000 sequences/sample) and 
data were pooled, renamed, and clustered into operational taxonomic units (OTU) at 97% similarity 
(usearch8.1 algorithm). Representative sequences from each OTU were extracted and classified 
using the uclust consensus taxonomy assigner (Greengenes 13_8 reference database). A biologi-
cal observation matrix (BIOM)(25) was generated at each taxonomic level from phylum to species 
(“make OTU table” algorithm) and analyzed and visualized using the software packages Primer7(26) 
and the R programming environment(27).

Alpha diversity (α-diversity) indices (within-sample) and Beta diversity (β-diversity) (between-sam-
ple) were used to examine changes in microbial community structure between mice group samples. 
Alpha diversity indices (i.e., Shannon, richness, and evenness) were generated using the package 
‘vegan’ implemented in the R programming language. To examine β-diversity differences in mi-
crobial community composition between samples, pairwise Bray-Curtis dissimilarity (non-phylo-
genetic) metric was generated using the Primer7 software package and used to perform analysis of 
similarity (ANOSIM) calculations. ANOSIM was performed at the taxonomic level of genus, using 
square-root transformed data. Also, Primer7 was used to conduct both non-metric multi-dimension-
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al scaling (nMDS) and Bootstrapping (average values and dispersion within each sample’s group) 
plots to visualize each mice group’s overall microbial differences, at the genus level.

Beta diversity differences in relative abundance (RA) of individual taxa, between mice group sam-
ples, were assessed for significance using Kruskal-Wallis test controlling for false-discovery rate 
(FDR), implemented within the software package QIIME(24). Taxa with an average abundance of 
<1% across the sample set were removed from the analysis. Microbial RA and Firmicutes-to-Bac-
teroidetes (F/B) ratios between conditions were studied. The RA of individual taxa reported in our 
mouse model was accepted at a significance of (FDR-P<0.05).

Statistical Analysis
In SPSS (v.22, IBM, Chicago, IL, USA), all mice variables were checked for normality assump-
tions. The Shapiro-Wilk-Normality test was performed across the mice groups. Parametric one-
way ANOVA, with Bonferroni’s post-hoc test, or non-parametric Mann-Whitney U test and Kru-
skal-Wallis test, with Dunn’s post-hoc test, were used to compare mice groups. All data, such as 
α-diversity (within-sample) calculated indices (richness, evenness, and Shannon Index)(28,29), β-di-
versity (between-sample) microbial compositions (relative abundance of bacterial taxa)(30,31) were 
exported, analyzed, and graphically presented as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001 were considered statistical significant.

Alpha-diversity indices were calculated such as: Shannon index (H’=-∑ sum(Pi/log(Pi)) where Pi = 
the relative abundance of each taxon), Pielou’s evenness (J’=H’/log(S)) where S = number of taxa 
present in each sample), and richness (number of taxa present in each sample).

Beta-diversity stacked histograms represent the percent relative abundance of individual taxa per 
mice group. Furthermore, the F/B ratio between mice groups was studied. Firmicutes and Bacteroi-
detes are the two major bacterial phyla that comprise the majority of the normal gut microbiota of 
healthy humans. Altered ratio of Firmicutes and Bacteroidetes has been associated with variety of 
pathologies associated with aging or disease(32,33). Pearson correlations were applied to associate the 
different vaccine-specific responses parameters (DTH, IgG1, IgG2a) with microbiota metabolism 
(SCFAs) and composition (RA of individual genus) parameters. These collective test results were 
considered statistically significant at (P<0.05). All data were analyzed using GraphPad Prism 7.0 
software for Macintosh (GraphPad Software, San Diego, CA, USA).
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RESULTS 

Improved Cellular as well as Humoral Vaccination Response detected in Mice receiv-
ing Dietary 2’FL/scGOS/lcFOS
A significant increase in the influenza-specific DTH response (measured as ear swelling and ear 
weight gain) was detected in vaccinated mice that received dietary 2’FL/scGOS/lcFOS, as com-
pared to those that received control diet (Figure 1B, p<0.01 for DTH; Figure 1C, p<0.01 for ear 
weight increase). Vaccine-specific serum antibodies are commonly used as a surrogate measure 
for vaccine efficacy. Vaccine-specific IgG2a and IgG1- antibody concentrations were not detected 
in the non-vaccinated sham mice (data not shown). In serum of vaccinated mice receiving dietary 
2’FL/scGOS/lcFOS, significant higher levels of both vaccine-specific IgG1 (Figure 1D, p<0.05) 
and IgG2a (Figure 1E, p<0.05) were detected, as compared to vaccinated mice that received con-
trol diet.
 

FIGURE 1| Effect of dietary 2’FL/scGOS/lcFOS on influenza vaccine-specific responsiveness in an influenza vaccination 

murine model at day 31. (A) Schematic overview of the experimental design. (B) DTH response and (C) ear weight differ-

ence at 24h after ear challenge. Vaccine-specific (D) IgG1 and (E) IgG2a levels in serum measured by means of Elisa assays. 

Mann-Whitney test was used. Data are presented as mean ± SEM for n = 8-9/group in (B-E). Significant differences are depicted 

as *p<0.05, **p<0.01, 
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DCs, T- and B-cell alterations detected in the MLNs of Mice receiving 2’FL/scGOS/
lcFOS
Mucosal 2’FL/scGOS/lcFOS DCs are key in the regulation of B-cell and T-cell activation, therefore 
we analyzed the effect of dietary intervention on immune cells in the MLNs, which are the draining 
lymph nodes of the intestine. Freshly isolated MLNs were analyzed using flow cytometry. Identifi-
cation of migratory DCs in the MLNs was done by gating CD103- cells out of CD11c+MHC-II cells 
in the MLNs (gating strategy shown in Figure 2A). No differences were detected in the percentage 
of CD11c+MHC-II+ cells between dietary intervention groups (Figure 2B). Interestingly, a signifi-
cantly increased percentage (4.5%) of CD103- cells were observed in the 2’FL/scGOS/lcFOS group 
(Figure 2C, p<0.05).

Next, the expression (Median Fluorescence Intensity (MFI)) of co-stimulatory molecules CD86 
and CD40 on the migratory DCs in the MLNs was analyzed to determine the activation status of 
CD103-DCs. An increase in the MFI of CD86 expression (p<0.05) was detected on CD013-DCs in 
the MLNs of 2’FL/scGOS/lcFOS diet fed mice compared to control diet fed mice, whereas no effect 
was observed on the expression of CD40 (Figure 2D). Alteration of DCs in mice receiving dietary 
2’FL/scGOS/lcFOS might subsequently influence B-cell and antigen-specific T-cell differentiation. 
To determine the impact of dietary intervention on local B-cell responses, activated B-cell within 
total B-cell population (CD19+B220+ cells) was determined by CD27 staining (gating strategy 
shown in Figure 2E). No effect on total B cell pool was detected by the dietary intervention (data 
not shown). Consistent with the increased vaccine-specific IgG1 and IgG2a in the serum, a signif-
icant but small (0.3%) higher percentage of CD27+ B-cell in the 2’FL/scGOS/lcFOS group was 
detected in MLN (Figure 2F, p<0.05). Next to B cell development, also T cells are involved in 
inducing profound vaccination responses, therefore Tregs and Th1 cells were discriminated by the 
intracellular transcription factor Foxp3 and T-bet staining, respectively in the MLNs (Figure 2G). 
In mice receiving 2’FL/scGOS/lcFOS diet, a higher percentage of Tregs were detected as compared 
to control mice (1.5% CD25+Foxp3+Tregs (Figure 2H, p<0.05)) In addition the activation state of 
these Tregs were 2.2% higher in mice receiving the 2’FL/scGOS/lcFOS diet as compared to control 
diet as detected by percentage of CD69+Tbet+ cells (Figure 2I, p<0.05) within the total CD4+ 
population (Figure 2J, p<0.05). Suggesting local induced small immunological changes induced 
by dietary intervention.

Intestinal mucosal barrier related Gene Expression alterations detected in the Ileum 
of Mice receiving Dietary 2’FL/scGOS/lcFOS
To analyze changes within the intestinal mucosa further, qPCR analysis on ileum mucosal samples 
were performed. These qPCR analyses revealed higher mRNA expression of CD86 (p<0.05), CD80 
(ns), CD40 (p<0.05) in mice receiving 2’FL/scGOS/lcFOS diet, as compared to mice receiving con-
trol diet, suggesting alteration in DC population (Figure 3A). Moreover, several mRNA expression 
levels of immune modulatory cytokines and chemokines were significantly different between mice 
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receiving 2’FL/scGOS/lcFOS diet as compared to mice receiving control diet: IL-12p40 (p<0.01), 
IL-1b (p<0.05), and CXCL9 (p<0.05), TGF-b3(p<0.05) were observed to be upregulated, whereas 
TNF-α (p<0.01) was observed to be down-regulated in mice receiving 2’FL/scGOS/lcFOS as com-
pared to mice receiving control diet. No effects on the mRNA expression levels of IL-1α, IL-10, 
and CXCL10 were detected between the dietary interventions (Figures 3B,C) in the ileum. Regard-
ing the impact of dietary intervention on intestinal integrity, tight junction related genes including 
CLDN1, CLDN2, CLDN3 and ZO1, were measured. The relative mRNA expression of CLDN1 
(p<0.05), CLDN2 (p<0.01), and ZO1 (p<0.05), but not CLND3, were detected higher in the ileum 
of mice receiving 2’FL/scGOS/lcFOS as compared to mice receiving control diet (Figure 3D). 
Interestingly, the Pearson correlation analysis revealed significantly positive correlations between 
mRNA expression levels of CLDN2 (R2=0.44, p<0.01), ZO-1(R2=0.45, p<0.01) and DTH response 
(Figure 3E). Collectively these data support the notification that dietary intervention induces local 
immune developmental changes. 

FIGURE 2| Effects of dietary 2’FL/scGOS/lcFOS on the systemic and intestinal (MLN) innate and adaptive immune re-

sponses. (A) Representative plots of CD103-DCs (CD11c+MHCII+) in the MLNs from control and 2’FL/scGOS/lcFOS groups. 
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Percentage of (B) CD11c+MHCII+ DCs of total lymphocytes and (C) CD103-DCs of CD11c+MHCII+ cells in the MLNs. (D) 

Maturation status of CD013-DCs in the MLN was determined based on their median fluorescence intensity (MFI) of surface 

markers CD86 and CD40 expression. (E) Representative plots of CD27+ memory B-cell in the MLNs from control and 2’FL/

scGOS/lcFOS groups. (F) Percentage of CD27+ memory B-cell of total CD19+B220+ B-cell in the MLNs. (G) Representative 

plots of Foxp3+ Treg and Tbet+Th1 cells in the MLNs from control and 2’FL/scGOS/lcFOS groups. (H) Percentage of CD4+ 

cells in the total lymphocytes. Percentage of (I) CD25+Foxp3+Treg, and (J) CD69+Tbet+Th1 of CD4+ T-cell in the MLNs. 

Mann-Whitney test was used. Data are presented as mean ± SEM for n = 8-9/group. *p<0.05, **p<0.01.

FIGURE 3| Effects of dietary 2’FL/scGOS/lcFOS on the genes expression in the ileum. (A) Relative mRNA expression 

of DCs surface markers CD86, CD80, and CD40 in the ileum. Relative mRNA expression of (B) cytokines IL-12p40, IL-1a, 

IL-1b,TNF-a, TGF-b3, and IL-10, and (C) chemokines CXCR9 and CXCR10 in the ileum. (D) Relative mRNA expression of 

tight junction related genes CLDN1, CLDN2, CLDN3 and ZO-1 in the ileum. (E) Correlation between tight junction related 

genes and DTH response. Mann-Whitney test was used for panel A-D. Data are presented as mean ± SEM for n = 7-9/group. 

*p<0.05, **p<0.01. ns =significant. Pearson’s correlation was used for panel (E).
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2’FL/scGOS/lcFOS Specific Cecal SCFA Levels Positively Correlate to Vaccine Spe-
cific DTH responses
To assess prebiotic characteristics of 2’FL/scGOS/lcFOS, the microbiota composition and its me-
tabolites were analyzed in feces and cecum content. First, SCFAs were determined in the cecum 
as a measurement of microbiota metabolic activity. As expected, the total SCFA levels in cecum 
were higher (p<0.05) in mice receiving 2’FL/scGOS/lcFOS diet as compared to control mice. This 
was reflected in an increase in butyric acid (p<0.05) and propionic acid (p<0.05) production; not 
significantly in cecal Acetic acid levels 2’FL/scGOS/lcFOS (Figure 4A). In addition, SCFAs in 
the fecal samples were assessed as a reflection of SCFAs utilization/absorption. No differences in 
the SCFAs concentrations were detected between 2’FL/scGOS/lcFOS and control diet groups in 
fecal samples (Figure 4B). Moreover, to investigate the relation between the observed increased 
SCFAs and vaccine-specific immune responses, Pearson’s correlations were conducted between 
cecal SCFA(s) levels and DTH, serum IgG1, or IgG2a. The DTH responses could be correlated to 
the levels of Acetic acid (R2=0.31, p<0.05), Propionic acid (R2=0.39, p<0.01), and the total SCFAs 
levels (R2=0.40, p<0.01), (Figure 4C). Butyric acid and DTH trended towards significance (Figure 
4C, R2=0.22, p=0.053), whereas significant correlations between Butyric acid and vaccine-specific 
IgG1(R2=0.39, p<0.01) and IgG2a (R2=0.23, p<0.05) were observed (data not shown). 

FIGURE 4| Impact of dietary 2’FL/scGOS/lcFOS on SCFAs concentrations in cecum content and feces, and correlation 

with DTH responses. Levels of specific and total SCFAs in the (A) cecum content and (B) fecal samples. Correlations between 

(C) DTH and SCFAs in the cecum content. Feces were collected at D30, and the cecum content was collected at D31 after sac-

rificing mice for measuring SCFAs. The absolute amounts of acetic acid, propionic acid, butyric acid and total SCFAs (acetic 

acid + propionic acid +butyric acid) are presented as mean ± SEM for n = 8-9/group. Statistical analysis using Mann-Whitney 

test was performed for panel (A) and (B) and depicted as *p < 0.05. Pearson’s correlation analysis was performed for panel (C).
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SCFAs Contribute to the Effects of Dietary 2’FL/scGOS/lcFOS On DCs Maturation 
and Subsequent Vaccine-Specific T-Cell Proliferation
Based on the finding that dietary intervention with 2’FL/scGOS/lcFOS induced higher production 
of specific SCFAs in correlation with immune responsiveness and the knowledge of SCFAs being 
potent modulators of the antigen-presenting DCs(12), it is tempting to speculate that 2’FL/scGOS/
lcFOS enhances vaccine-specific immunity via increasing SCFAs. Therefore, we performed an in 
vitro experiment assessing the effects of SCFAs on the activation status and antigen-presenting 
capacity of murine bone marrow derived dendritic cells (BMDCs). BMDCs were treated by Ace-
tate, Butyrate, Propionate, SCFAs mixture (Acetate+Butyrate+Propionate), or medium as a negative 
control. Thereafter several maturation markers were detected using flowcytometry. An increase in 
the expression of co-stimulatory molecule CD86 was detected on the BMDCs by the treatment 
of Propionic acid, Butyric acid, as well as the total SCFAs (Figure 5A, p<0.05, p<0.05, p<0.01, 
respectively). No significant changes were detected in the expression of CD80 (Figure 5B) by any 
SCFA(s) treatments, whereas a tendency towards a decreased expression of CD40 was detected 
(Figure 5C, p=0.06) and an increased expression of MHCII (Figure 5D, p=0.06) was observed 
on BMDCs with SCFAs mixture treatment. Interestingly, the MFI of MHC-I expression on BM-
DCs was significantly elevated in BMDCs when pretreated with both Propionate and total SCFAs 
treatment (Figure 5E, p<0.05 and p<0.05, respectively). To determine vaccine-specific antigen 
presenting capacity of these BMDCs, an ex vivo re-stimulation assay was performed. BMDCs were 
treated with SCFAs as described above, and subsequently loaded with or without 0.9μg/ml influ-
vac for 24h before being co-cultured with fresh whole splenocytes from non-vaccinated (sham) or 
influenza-vaccinated mice. Proliferation of vaccine specific CD4+ and CD8+ cells was determined 
using flow cytometry by CFSE labeling (Figures 5F, H). Propionate and SCFAs mixture pretreated 
BMDCs, induced 10.5% and 16.6% higher percentage of vaccine-specific CD4+ T cell proliferation 
than untreated BMDCs (Figure 5G, p<0.05 and p<0.01, respectively). No significant stimulation 
in CD4+ T cell proliferation could be detected with pretreatment of either Acetate or Butyrate. In 
addition, a 10.3 % higher vaccine specific CD8+ T cells proliferation was detected in co-culture 
with Propionate-treated BMDCs compared to untreated BMDCs (Figure 5I, p<0.05). In this regard, 
these findings support the notification that 2’FL/scGOS/lcFOS indirectly via bacterial metabolites 
can modulate phenotype and function of antigen presenting DCs and consequently improve immune 
development, resulting in an enhanced vaccine response. 
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FIGURE 5| Effects of SCFAs on the maturation status and vaccine-specific antigen-presenting capacity of bone marrow 

derived dendritic cells after ex vivo re-stimulation. Maturation status of different treated BMDCs was distinguished based 

on their expression (MFI) of surface markers (A) CD86, (B) CD80, (C) CD40, (D) MHC-II, (E) MHC-I. Representative plots 

of proliferated (F) CD4+ and (H) CD8+ T-cell after ex vivo restimulation by different BMDCs. Percentage of proliferated (G) 

CD4+ and (I) CD8+ T-cells after ex vivo restimulation by different BMDCs. Kruskal–Wallis’ non-parametric test, followed by 

Dunn’s post hoc test for selected pairs was used for panels (A-E, G, I). Data are presented as mean ± SEM, n = 4 for panel (A-

E); for panel (G) and (I), spleens were obtained from 3 non-vaccinated (sham) or 6 vaccinated mice, BMDCs were obtained 

from 3 donor mice; *p<0.05, **p<0.01. 

Cecum Content and Fecal Microbiota altered by Dietary 2’FL/scGOS/lcFOS
To profile the effects of dietary 2’FL/scGOS/lcFOS on the gut’s microbial community structure, we 
assessed both cecum content and fecal microbial composition from control and 2’FL/scGOS/lcFOS 
diet fed mice. In addition, we examined the contribution of individual oligosaccharides in the 2’FL/
scGOS/lcFOS mixture regarding the effects on gut’s bacterial profiles on feces from (0.25%, 0.5%, 
1%, 2.5%, 5%) 2’FL, and (0.25%, 0.5%, 1%, 2.5%, 5%) scGOS groups; as well as cecum content 
from (0.5%, 1%) 2’FL, and (0.5%, 1%) scGOS fed mice. Both mice cecum content and fecal mi-
crobiota community structures are impacted by 2’FL/scGOS/lcFOS diet and individual prebiotic 

178

7

CHAPTER 7



oligosaccharides.

Alpha Diversity 
Alpha diversity revealed significantly decreased bacterial richness in cecum content (Figure 6A) 
and fecal samples (Figure 6B) from mice receiving 2’FL/scGOS/lcFOS diets than from the control 
group (p˂0.05). Additionally, the fecal samples from mice receiving (5%) 2’FL or (5%) scGOS 
showed significantly lower richness (p˂0.0001) than mice on the control diet (Figure 6B). The 
Shannon index, which combines both bacterial richness and evenness, was significantly lower in 
cecum content and fecal samples from all dietary intervention groups compared to the samples from 
mice receiving control diets. A similar pattern was observed in the evenness for both sample sites, 
respectively (Figure 6A, B).

Beta Diversity 
Upon examining beta diversity, at taxonomic level of genus, the overall microbial community struc-
ture showed clear separation between control group and dietary intervention groups, in both cecum 
content and feces (Figure 6C, D). Analysis of Similarity (ANOSIM) comparisons further confirmed 
highly significant differences among both sample site groups in the genera microbiota composi-
tions (Supplementary Table 1). Specifically, both cecum content and feces indicated the greatest 
separation distance between microbial compositions when observing the 2’FL/scGOS/lcFOS diet 
group compared to the control group (Cecum Content: Global R=0.872, p<0.0001; Feces Global 
R=0.600, p<0.0001). Furthermore, all cecum content and fecal individual oligosaccharide dietary 
interventions dose dependently, significantly shifted the bacterial community composition, when 
compared to the 2’FL/scGOS/lcFOS diet (Supplementary Table 1).
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FIGURE 6| Dietary impact of 2’FL/scGOS/lcFOS in both cecum content and fecal alpha diversity indices and beta di-

versity overall microbial community structure, at the taxonomic level of genus. Alpha diversity indices (Shannon, richness 

and evenness) are depicted for (A) cecum content and (B) feces, at the taxonomic level of genus. One-way analysis of variance 

test for parametric data and Bonferroni post-hoc test was used in panel (A). Kruskal-Wallis test for non-parametric data and 

Dunn’s post-hoc test was used in panel (B). Data are presented as mean ± SEM, n = 8-9/group. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. Non-metric Multidimensional Scaling (nMDS) sample group’s average (Av) (based on Bootstrapping procedure 

in Primer7) representing the significantly different control and dietary intervention group’s bacterial community structures for 

(C) cecum content and (D) feces. 2’FGF=2’FL/scGOS/lcFOS.

Microbiota Taxonomic Analysis
Dietary intervention induced microbial changes in both cecal content and feces at different taxo-
nomic levels (phylum: Figure 7A, B) and (genus: Figure 8A, B). At the phylum level, Firmicutes, 
Bacteroidetes, and Verrucomicrobia were the most abundant taxa in both the cecum content and 
feces of this mouse model (Figure 7A, B). The largest phyla observed was Firmicutes. Firmicutes 
relative abundance (RA), in the cecum content, was significantly increased by: 2’FL/scGOS/lcFOS 
(p<0.0001), 1% 2’FL (p<0.001), 0.5% scGOS (p<0.001) and 1% scGOS (p<0.0001) (Figure 7C). 
The increased RA of Firmicutes in the cecum content was associated to the increased RAs of bacte-
rial genera Allobaculum (Figure 8C: p<0.01 for 2’FL/scGOS/lcFOS, p<0.01 for 0.5% scGOS, and 
p<0.001 for 1% scGOS), Lachnospiraceae;g_Unclassified (Figure 8F: p<0.01 for 2’FL/scGOS/
lcFOS, p<0.001 for 0.5% scGOS, and p<0.001 for 1% scGOS), and [Ruminococcus] (Figure 8H: 
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p<0.01 for 2’FL/scGOS/lcFOS, and p<0.05 for 1% scGOS). However, the cecum content showed a 
decrease RA of genera Clostridiaceae;g_Unclassified (Figure 8I: p<0.01 for 2’FL/scGOS/lcFOS) 
and Ruminococcaceae;g_Unclassified (Figure 8M: p<0.05 for 2’FL/scGOS/lcFOS, p<0.01 for 
0.5% scGOS, and p<0.001 for 1% scGOS).

Furthermore, the phyla Firmicutes RA in the feces was similarly increased by dietary interventions, 
as compared to control (Figure 7G). However, at the taxonomic level of genus, a different pattern 
of individual bacterial genera was observed in the feces, as compared to the cecum content. The in-
creased RA of Firmicutes in the feces was attributed to an increase RA of bacterial genera Allobac-
ulum (Figure 8C: p<0.05 for 2’FL/scGOS/lcFOS, p<0.01 for 0.25% 2’FL, p<0.05 for 0.5% 2’FL, 
p<0.05 for 1% 2’FL, p<0.001 for 2.5% 2’FL, p<0.0001 for 5% 2’FL, p<0.05 for 0.25% scGOS, and 
p<0.05 for 1% scGOS) and [Ruminococcus] (Figure 8H: p<0.01 for 2’FL/scGOS/lcFOS, p<0.05 
for 2.5% 2’FL, p<0.05 for 1% scGOS, and p<0.01 for 2.5% scGOS). A decrease in bacterial genera 
Clostridiaceae;g_Unclassified (Figure 8I: p<0.01 for 2’FL/scGOS/lcFOS, p<0.001 for 5% 2’FL, 
p<0.05 for 2.5% scGOS, and p<0.001 for 5% scGOS), Lactobacillus (Figure 8J: p<0.01 for 5% 
2’FL, p<0.001 for 0.5% scGOS, p<0.01 for 1% scGOS), Ruminococcaceae;g_Unclassified (Figure 
8M: p<0.001 for 2’FL/scGOS/lcFOS, p<0.05 for 2.5% 2’FL, p<0.0001 for 5% 2’FL, and p<0.0001 
for 5% scGOS), and Oscillospira (Figure 8N: p<0.05 for 5% 2’FL) was observed in the feces.
The second most abundant phyla observed in our mouse model was Bacteroidetes. The Bacteroide-
tes, RA in the cecum content was dramatically decreased in 2’FL/scGOS/lcFOS (p<0.0001) and sc-
GOS (p<0.0001 and p<0.001 for 0.5% and 1% scGOS, respectively) groups (Figure 7D), primarily 
driven by the reduction of bacterial genera Bacteroidetes (Figure 8K: p<0.001 for 2’FL/scGOS/lc-
FOS, p<0.01 and p<0.05 for 0.5% and 1% scGOS, respectively) and S24-7;g_Unclassified (Figure 
8E: p<0.05 for 0.5% scGOS). No significant effects of 2’FL on the RA of the phyla Bacteroidetes 
and corresponding genera in the cecum content were observed (Figure 8E). 

Differently, in the feces, a reduction in the RA of Bacteroidetes was not only observed in 2’FL/
scGOS/lcFOS (p<0.01) and scGOS (p<0.05, p<0.05, and p<0.001 for 0.25%, 0.5% and 5% sc-
GOS, respectively) groups, but also in the 2’FL groups (p<0.0001, p<0.01, p<0.0001, p<0.05, and 
p<0.001 for 0.25%, 0.5%, 1%, 2.5% and 5% 2’FL, respectively) (Figure 7H). The decreased RA of 
Bacteroidetes in the feces was attributable to the decrease RA of the genus Bacteroidetes (p<0.001, 
p<0.01, p<0.01, p<0.001, and p<0.001 for 2’FL/scGOS/lcFOS, 1%, 2.5%, and 5% 2’FL, 2.5% 
scGOS, respectively) (Figure 8K).

The third most abundant phyla was Verrucomicrobia. The phyla Verrucomicrobia RA in the cecum 
content was significantly decreased in 2’FL/scGOS/lcFOS (p<0.001), 1% 2’FL (p<0.01), 0.5% 
scGOS (p<0.05) and 1% scGOS (p<0.01) groups (Figure 7E). This decreased abundance was asso-
ciated to the RA of the genus Akkermansia (Figure 8L: p<0.0001 for 2’FL/scGOS/lcFOS, p<0.01 
for 1% 2’FL, p<0.05 for 0.5% scGOS, and p<0.001 for 1% scGOS). The RA of Verrucomicrobia 
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in the feces displayed a similar pattern as the cecum content, as it was lower in 2’FL/scGOS/lcFOS 
(p<0.01), 1% 2’FL (p<0.01), 2.5% 2’FL (p<0.01), 5% 2’FL (p<0.01), 0.5% scGOS (p<0.01), 1% 
scGOS (p<0.01), and 2.5% scGOS (p<0.01) groups (Figure 7I). This could be attributed to the 
decrease of genus Akkermansia (Figure 8L, p<0.01 for 2’FL/scGOS/lcFOS, p<0.01 for 1% 2’FL, 
p<0.001 for 2.5% 2’FL, p<0.05 for 5% 2’FL, p<0.05 for 0.5% scGOS, p<0.01 for 1% scGOS, and 
p<0.05 for 2.5% scGOS).

Regarding the ratio of Firmicutes-to-Bacteroidetes (F/B), a significant increase was observed in 
the cecum content of 2’FL/scGOS/lcFOS (p<0.01), scGOS (p<0.01 and p<0.01 for 0.5% and 1% 
scGOS, respectively) groups (Figure 8F); feces of 2’FL/scGOS/lcFOS (p<0.05), 0.25% 2’FL 
(p<0.05), 1% 2’FL (p<0.01), 5% 2’FL (p<0.0001), and 5% scGOS (p<0.05) groups (Figure 8J). 
Together, these data suggest that 2’FL/scGOS/lcFOS and or 2’FL and GOS significantly altered the 
microbial community structures (alpha and beta diversity) of vaccinated mice.

FIGURE 7| Dietary interventions impact in both cecum content and fecal microbial compositions, at the taxonomic level 

of phylum. (A) and (B) Stacked column plots of the most abundant (˃1%) of bacterial populations in both the cecum content 

and feces, at the genus taxonomic level. Relative abundance (%) of three major bacterial phyla in the (C-E) cecum content and 

(G-I) feces from control and different dietary intervention groups. Ratios of Firmicutes-to-Bacteroidetes in the (F) cecum con-

tent and (J) feces from control and different dietary intervention groups. Kruskal-Wallis test for non-parametric data and Dunn’s 

post-hoc test was used for comparisons in panels (C-J). Data are presented as mean ± SEM, n = 8-9/group. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 2’FGF=2’FL/scGOS/lcFOS. 
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FIGURE 8| Dietary 2’FL/scGOS/lcFOS changed both the cecum content and fecal microbial compositions, at the taxo-

nomic level of genus. (A) and (B) Stacked column plots of the most abundant (˃1%) of bacterial populations in both the cecum 

content and feces, at the genus taxonomic level. (C-N) Relative abundances (%) of twelve individual bacterial genera depicting 

control and different dietary intervention groups. Kruskal-Wallis test for non-parametric data and Dunn’s post-hoc test was 

used for comparisons in panels (C-N). Data are presented as mean ± SEM, n = 8-9/group. *p < 0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 2’FGF=2’FL/scGOS/lcFOS.

Enhanced Vaccine-specific Responses Significantly Correlated with Individual Genera Bac-
teria
Following the hypothesis that changes in microbiome composition may determine mucosal re-
sponsiveness and have thereby influence on vaccination responsiveness, we set out to correlate 
immune to microbial changes. Pearson’s correlation analysis revealed significantly positive cor-
relations between DTH and cecum content’s bacterial genera Ruminococcus, Oscillospira (Figure 
9A, R2=0.61, p<0.001; R2=0.24, p<0.05, respectively), or feces genus Allobaculum (Figure 9B, 
R2=0.30, p<0.05). Negative correlations were found between cecum content bacterial genera Akker-
mansia (Figure 9A, R2=0.36, p<0.05), or feces genera Akkermansia, Clostridiales_f_;g_Unclass, 
Oscillospira, and f_Ruminococcaceae;g_Unclass (Figure 9B, R2=0.44, p<0.01; R2=0.29, p<0.05; 
R2=0.29, p<0.05; R2=0.36, p<0.01, respectively). Furthermore, we found significantly positive 
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correlations between serum IgG2a and cecum content genus Allobaculum (Figure 9C, R2=0.29, 
p<0.05) or feces Turicibacter (Figure 9D, R2=0.23, p<0.05). Negative correlations between serum 
IgG2a and cecum content genera were Bateroides, Clostridiales;f_;g_Unclass, and f_Ruminococca-
ceae;g_Unclass (Figure 9C, R2=0.37, p<0.01; R2=0.41, p<0.01; R2=0.21, p=0.05, respectively), or 
fecesgenus f_Ruminococcaceae;g_Unclass (Figure 9D, R2=0.19, p=0.06) were observed. 

FIGURE 9| Significant Pearson correlations between specific genus and DTH response or IgG2a. Significant correlations 

between specific genus in the (A) cecum content or (B) feces and DTH. Significant correlations between specific genus in the 

(C) cecum content or (D) feces and serum IgG2a level. No significant correlations were found between specific genus and serum 

IgG1. Pearson’s correlation analysis was conducted to analyze correlations between DTH, IgG1, or IgG2a and significantly 

changed genus in the cecum content and feces. 

DISCUSSION

Within the first years of life, infant’s immune development has not yet reached its full potential, 
as it is learning to deal with the complex host microbe interactions at mucosal surfaces. Specific 
prebiotic oligosaccharides (like scGOS/lcFOS) influence the microbiome development, but more 
importantly have also shown to reduce the development of allergies as well as limit the impact of 
pediatric infections(34,35). It has been shown that 2’FL containing diet improves the cellular and hu-
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moral influenza vaccine-specific immune responses in a murine vaccination model(14). In the present 
study, we demonstrate that a combination with 2’FL and scGOS/lcFOS, (which was designed to 
provide a diverse mixture of oligosaccharides as naturally occurring within human milk), effective-
ly enhances immune responsiveness to the influenza vaccination. In this regard, we demonstrate 
that dietary 2’FL/scGOS/lcFOS induced improvement of vaccine responses are modulated via the 
intestinal mucosal site inducing profound changes within immune cells, microbial composition and 
metabolism. This reveals an important role for microbiota in promoting immunity to vaccinations. 
Our findings may provide a novel and effective strategy to improve the vaccine responsiveness by 
targeting the mucosal immune system. 

Increased Th1 responses by nutritional interventions have been demonstrated to contribute to the 
protective immunity against viral infection with high attract rate in early infancy(36,37). In addition to 
our previous reports where specific prebiotics enhance systemic immunity(14,15), we now show that 
2’FL/scGOS/lcFOS can stimulate B-cell activation and Th1 cells within the MLN(14), supporting 
immune development through the gut (Figure 2). The increase in percentage of activated B-cells 
coincides with the observed higher levels of vaccine-specific plasma IgG1 and IgG2a detected in 
mice receiving 2’FL/scGOS/lcFOS compared to the control group. Interestingly, similar as our pre-
vious study(14), an increased Treg percentage in the MLN was detected, which might underscore the 
importance of regulating gut homeostasis. The effect of 2’FL/scGOS/lcFOS on tight junction relat-
ed genes CLDN1, CLDN2 and ZO-1 are suggesting an improved gut barrier function, although in-
testinal barrier function has not been detected. The positive correlation between DTH and CLDN2, 
which functions as a small molecule transport regulator may provide ‘proper’ leakiness facilitating 
DCs to penetrate gut epithelial monolayers and sample antigens efficiently. A comprehensive study 
on the individual role of tight-junction regulators combined with DC development is necessary to 
understand these mechanisms further.

It is known that 2’FL as well as scGOS/lcFOS directly can modulate DCs and subsequent T-cell 
responses in vitro(14,38). Our findings further support the role of direct immunomodulation by 2’FL/
scGOS/lcFOS contributing to observed enhanced vaccine responses in vivo. Indirect effects arise 
from modulating the gut microbiota composition and metabolism. Commensal bacteria have been 
shown to influence the vaccine-specific immune responses(5,8,39,40), and their induced bacterial me-
tabolites (SCFAs) have been demonstrated to support optimal antibody responses(11,41). Indeed, the 
dietary interventions induce significant overall microbial community composition differences be-
tween mice receiving control and prebiotic diet/mixture groups, at the genus taxonomic level (Fig-
ure 6C, D). Although a high alpha diversity of the gut microbiota has been observed beneficial in 
specific disease context such as autoimmune diabetes(42) and allergic disorders(43,44), dietary 2’FL/
scGOS/lcFOS seems to influence the vaccine response by selectively stimulating growth of specific 
bacteria which result in limiting the alpha diversity of the gut microbiota. At the taxonomic level 
of genus, [Ruminococcus] and Oscillospira, relative abundances in both cecum content and feces 
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were significantly increased by 2’FL/scGOS/lcFOS diet, were positively correlated to the vaccine 
specific DTH responses (Figure 9). However genera f_Ruminococcaceae;g_Unclass, Bacteroides, 
and Akkermansia, were inhibited by addition of 2’FL/scGOS/lcFOS in the diets (Figure 8) and 
indicated a negative correlation to vaccine specific DTH responses (Figure 9). A lower alpha diver-
sity of breastfed infants was consistent with the enrichment of genes required for the degradation of 
HMOS, while high alpha diversity may be a benefit in promoting the health of the host later in life 
when the diet is more diverse as well(45). 

SCFAs have been demonstrated to possess immunomodulatory properties on various cells types, 
including B-cell, DCs, and T-cell(38,46,47). The increased SCFAs detected in cecal content of mice 
receiving 2’FL/scGOS/lcFOS can suggested to modulate both B-cells and DCs within our mod-
el. Consistent with previous findings that SCFAs regulated B-cell functionality to boost optimal 
antibody responses(11,41), elevated antibody levels were observed in mice received 2’FL/scGOS/
lcFOS. Furthermore, butyric acid concentrations detected within the cecum content were positively 
correlated to serum IgG1 and IgG2a level, suggesting that 2’FL/scGOS/lcFOS may enhance the 
humoral responses via induction of SCFAs. Interestingly, within in vitro systems we further iden-
tified specifically the propionic acid increase to support ex-vivo proliferation of influenza-specific 
CD4+ and CD8+ T-cells (Figure 5). This indicates the importance of providing diversity within 
oligosaccharide structures in order to optimally induce immune development on both B- and T-cell 
compartment, consequently providing full protection. 

In summary, this study addresses the link between changing gut microbiota composition and me-
tabolites thereby improving vaccine-specific immune responses. This provides a potential effective 
strategy for optimization of vaccine efficacy. In addition, these observed beneficial effects of 2’FL/
scGOS/lcFOS may improve infants’ immune system and optimize their gut microbiota composition 
and metabolism. 
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SUPPLEMENTARY MATERIALS

SUPPLEMENTARY TABLE 1| Across-group analysis of similarity (ANOSIM) results for mice cecum content and feces 

microbiota compositions. Global R comparison was based on ANOSIM performed within the software package Primer7. 

P-values were calculated based on a permutational analysis, employing 999 permutations; square-root transformation analysis.

Cecum content (CC)
(Genus Taxonomic Level)

Feces (F)
(Genus Taxonomic Level)

Comparisons Global R P-valuea Comparisons Global R P-valuea

Cont vs. 2’FGF 0.872 <0.0001 Cont vs. 2’FGF 0.600 <0.0001

Cont vs. 1% 2’FL 0.498 <0.0001 Cont vs. 5% 2’FL 0.893 <0.0001

Cont vs. 0.5% 2’FL 0.240 <0.01 Cont vs. 2.5% 2’FL 0.766 <0.0001

Cont vs. 1% GOS 0.814 <0.0001 Cont vs. 1% 2’FL 0.634 <0.0001

Cont vs. 0.5% GOS 0.775 <0.0001 Cont vs. 0.5% 2’FL 0.250 <0.01

2’FGF vs. 1% 2’FL 0.628 <0.0001 Cont vs. 0.25% 2’FL 0.385 <0.001

2’FGF vs. 0.5% 2’FL 0.965 <0.0001 Cont vs. 5% GOS 0.906 <0.0001

2’FGF vs. 1% GOS 0.360 <0.0001 Cont vs. 2.5% GOS 0.435 <0.001

2’FGF vs. 0.5% GOS 0.534 <0.0001 Cont vs. 1% GOS 0.584 <0.0001

Cont vs. 0.5% GOS 0.53 <0.001

Cont vs. 0.25% GOS 0.182 ns

2’FGF vs. 5% 2’FL 0.728 <0.0001

2’FGF vs. 2.5% 2’FL 0.308 <0.01

2’FGF vs. 1% 2’FL 0.433 <0.0001

2’FGF vs. 0.5% 2’FL 0.420 <0.0001

2’FGF vs. 0.25% 2’FL 0.461 <0.0001

2’FGF vs. 5% GOS 0.866 <0.0001

2’FGF vs. 2.5% GOS 0.159 <0.05

2’FGF vs. 1% GOS 0.254 <0.01

2’FGF vs. 0.5% GOS 0.222 <0.05

2’FGF vs. 0.25% GOS 0.534 <0.0001
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CHAPTER 8
Summary and future perspectives



Over the past two decades, HMOS has received increasing attention regarding their bioactivities. 
During the first decade of this century, HMOS was acknowledged as gut microbiota modulator that 
promotes the growth and activity of specific so-called “beneficial” bacteria. Through this prebiotic 
function, HMOS have an indirect influence on e.g. the developing immune system of breastfed 
infants. However, since significant levels of HMOS are found intact in the urine and feces as well 
as systemic circulation, and are not metabolized by gut microbiota, it is likely that HMOS can have 
direct interactions with other cells such as immune cells as well. Therefore, they may provide pro-
tective potential against immune diseases such as allergies, infections and autoimmune diseases. 

This thesis describes the specific and unique role of HMO(S) in microbe-host interactions using an 
animal model for autoimmune diabetes and an animal model for influenza vaccination. Moreover, 
the underlying cellular and molecular mechanisms through which HMO(S) modulate immune re-
sponses were investigated. In this chapter, we summarize the relevant findings of this thesis. More 
importantly, future perspectives are proposed based on our current knowledge regarding HMOS. 

HMOS — a preventative strategy for autoimmune disease 
Breastfeeding during infancy protects against the development of type 1 diabetes (T1D) later in life 
(reviewed in1). The protective role of human milk can, at least in part, be attributed to its bioactive 
components. The exact mechanism however, remains to be elucidated. In chapter 2 and chapter 
3, we propose that the protective potential of breastfeeding against T1D can be attributed at least 
in part to HMOS. In chapter 4, we confirmed the beneficial effects of HMOS against T1D using 
a spontaneous autoimmune disease model, namely the NOD mice model. HMOS reshape the gut 
microbial ecology leading to the release of short chain fatty acids (SCFAs), but more importantly 
the abrogation of T1D development. It is worth mentioning that although HMOS supplementation 
was provided to the mice for only 6 weeks during early life, the suppression of T1D development, 
was clearly observed much later in life. These findings support the notion that the neonatal period is 
a critical window for immune development as well as intestinal colonization, suggesting an import-
ant ‘imprint’ in mucosal immunity which is persistent throughout adulthood. However, it should be 
noted that there are several limitations in this study, which may be useful for improvement of future 
studies. First, we were not able to conduct a long-term (e.g., throughout the study) HMOS dietary 
intervention in mice due to the limited availability of HMOS isolated from the pooled mothers’ 
milk. It is well acknowledged that longer duration of exclusive breastfeeding is a strong indepen-
dent protective factor against T1D2. Based on the observed effects from the short-period HMOS 
supplementation described in chapter 4, it is plausible to believe that longer period (e.g., through-
out the experiment) of intervention with HMOS from early life may result in an amplification of 
immune regulation and gut microbiota optimization, which supports the beneficial effects of longer 
breastfeeding against T1D. Thanks to the advances in chemical and enzymatic carbohydrate syn-
thesis, several structural identical HMOS (e.g., 2’-Fucosyllactose (2’FL), 3’-Sialyllactose (3’SL), 
and 6’-sialyllactose (6’-SL)) are currently available in sufficient quantities to overcome part of this 
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limitation. The availability of these individual structures will allow future studies to investigate the 
effect of individual structures as well as in part the long-term effects of specific structure mixtures 
on the development of T1D and to better understand the underlying mechanisms of their health 
benefits. Based on the ‘perfect storm’ hypothesis(3), which emphasizes the critical role of intestinal 
microbiota, gut permeability, and mucosal immunity in the pathogenesis of T1D, another aspect 
that should be taken into account in future studies are the immune alterations in the pancreas and 
gut-associated lymphoid tissue (GALT), in addition to effects on the barrier function induced by 
HMOS in the context of T1D. Previous studies have demonstrated that the gut microbiota via SC-
FAs can directly shape the pancreatic immune environment(4). Our data indicated reduced pancreatic 
insulitis and increased SCFAs production during the HMOS dietary intervention period, suggesting 
possibly indirect effects of HMOS on pancreatic immunity as well. Given the critical role of the gut 
microbiota in shaping the intestinal immunity, it is reasonable to measure the immune alterations 
in the gut. Besides the NOD mice model, other T1D models should be used to confirm the protec-
tive properties of HMOS against T1D. To estimate the broadness of these beneficial effects, future 
pre-clinical studies using other autoimmune disease models, such as arthritis models should be con-
ducted. Moreover, future well-designed epidemiological studies are needed to explore the relation 
between lacto type, secretor type of mothers and the development of autoimmunity of the infants.

Finally, what is the therapeutic potential of HMOS against T1D besides their preventive properties? 
One of the principals behind current therapeutic strategies is to induce Tregs responses or anergize/
delete pathogenic T cells without having the side effects of long-term immune suppression. HMOS 
are capable to induce Tregs and increase IL-10 production. However, to investigate whether HMOS 
can play a role in reshaping disease development after establishment of T1D, future studies are 
warranted. 

HMOS — an adjuvant for vaccine responsiveness 
Infants have an immature immune system that renders them susceptible to some infections while 
simultaneously limited vaccine responses are detected. Vaccine induced acquired immunity com-
prises both antibody as well as cell mediated responses and is characterized by its specificity and 
memory. Given the fact that the microbiome development and host immune responses seem tightly 
linked, and that vaccine responses require specific immune responses, it is plausible to suggest that 
the composition of microbiome may ultimately affect vaccine efficacy. Indeed, by modulating the 
microbiota composition and intestinal immune responses via e.g. specific health beneficial bacteria 
(also called probiotics), improve vaccine efficacy has been shown(5). Besides, prebiotic oligosaccha-
rides have also been shown to induce positive effects in animal models for vaccination (6–9). In chap-
ter 2, we summarize previous studies using prebiotic oligosaccharides in vaccine-specific cellular 
immune responsiveness. Even though T-cell based responses were improved, no effects on the hu-
moral antibody responses by the prebiotic oligosaccharides were detected in these studies. 2’FL is 
one of the most abundant oligosaccharides found in human milk, and its prebiotic(10)and anti-infec-
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tive properties(11) have been suggested intensively. However, its role in the vaccine responsiveness 
on both B and T cell induced immunity has not been studied. Using a seasonal influenza vaccination 
mouse model in chapter 6, we found that dietary intervention with 2’FL effectively enhances both 
vaccine-specific cellular as well as humoral responsiveness, which can be partially attributed to 
direct effects on immune cells such as DCs. As mentioned, HMOS are gut microbiota composition 
modulators, which may influence vaccine efficacy through interacting with the immune system(12,13).   
As a result of these findings, new questions arise: What is the impact of HMOS on the gut microbi-
ota composition and metabolism in the context of vaccination? The mixture of 2’FL and prebiotic 
oligosaccharides (short-chain Galacto-oligosaccharides (lcGOS) and long-chain Fructo-oligosac-
charide (lcFOS) at a ratio of 9:1) show a more pronounced effect on the vaccine responsiveness 
by 2’FL/scGOS/lcFOS (chapter 7) compared to the effect by 2’FL alone as described in chapter 
6. Furthermore, our findings indicate that it is not only either immune regulation or microbiota 
modification effect, but the interaction between those two that contribute to the enhanced vaccine 
responses. Nevertheless, it is important to keep in mind that only a handful of HMOS will not be 
enough to represent the whole HMOS mixture. Human mammary gland produces more than 1000 
structurally complex and different oligosaccharides instead of one or two oligosaccharides, suggest-
ing a synergistic property of multiple oligosaccharides. As such, future studies using a combination 
of commercially available HMOS to more closely resemble the complex mixtures of HMOS, could 
confer more significant benefits of authentic HMOS on the health benefits. 

Unravel the underlying cellular and molecular mechanism of HMOS 
Apart from the prebiotic effects of HMOS, we also investigated the direct, microbiota-independent 
immune modulatory properties of HMOS. In chapter 4 and 6, the direct interactions between mouse 
bone marrow derived dendritic cells (BMDCs) and HMOS mixture or 2’FL were demonstrated, 
respectively. We further showed that HMOS treated DCs can promote Tregs induction, which might 
play a protective role in the T1D development; and 2’FL via influencing DCs maturation status and 
antigen-presenting capacity may contribute to the enhanced vaccine efficacy. However, whether the 
effects observed in a murine model can be translated to the human setting and through which mo-
lecular mechanisms HMOS elicit the beneficial properties remains unknown. Therefore, in chapter 
5, we used human monocytes derived DCs to investigate the translational value of our mouse data 
and more importantly, to unravel possible underlying mechanisms. It is important to note that the 
complex mixture of HMOS provided different responses than 2’FL alone regarding their capacity 
in inducing tolerogenic DCs (data of 2’FL was not shown), indicating that there might be a syner-
gistic effect among different oligosaccharides, which may explain why mothers produce over 200 
different HMOS structures rather than a handful of specific oligosaccharides. Whether this in vitro 
observation translates to health benefits of breastfed infants remains to be elucidated. Furthermore, 
our data revealed involvement of both DC-SIGN and TLR4 signaling in the induction of tolerogenic 
function of HMOS treated human DCs, indicating a possible crosstalk between the two signaling 
cascades. To the best of our knowledge, this is the first study specifying some receptors and path-
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ways that are involved in HMOS-mediated effects on human DCs, which might provide implica-
tions for the potential of individual HMO on human DCs based on their structures. Identifying 
the specific HMO that interact with specific receptors of immune cells may guide development of 
glycan-based interventions. Other receptors, including Siglecs(14), TLR2(15), Galectins(16), and Selec-
tins(17,18) (summarized in Table 1) and related pathways are promising targets for HMOS in future 
studies as well. Future investigations involving interactions between HMOS and other cell types, 
such as epithelial cells, B-cell, and T-cell are of interest for unraveling the mechanisms of immune 
modulation induced by HMOS. 

TABLE 1| Postulated receptors involved in the immune modulatory properties of HMOS.

Receptors Cell type Potential HMO Ligands Reference

TLR4;
TLR2

Dendritic cells 3’Sialyllactose
Other individual HMO

15,19

Chapter 5 of this thesis

DC-SIGN Dendritic cells 2’Fucosyllactose
Other individual HMO

20,14

Chapter 5 of this thesis

Siglec5; Siglec9 Dendritic cells
Neutrophils
Monocytes

3’Sialyllactose
6’Sialyllactose

14

Galectins Intestinal epithelial cells,
Lymphocytes,
Antigen presenting cells

LNnT LNT NFP-I LNFP-II LNFP-III LNDFH Fu-
clac and a-Gallac

21,22,16

Selectins Lymphocytes,
Endothelium

Sialyl-Lewis X 21,22

FUTURE PERSPECTIVES

HMOS— an effectively strategy for preventing and treating allergy? 
Next to autoimmune disease, food allergy is another immune disorder that seems to increase in 
incidence in recent decades. Due to the developmental immaturity of various components of the 
gut barrier and immune system of the infants, there is risk for development of food allergy in the 
first few years of life. Improving oral tolerance by direct modulation of intestinal mucosal immune 
system and/or indirectly by shaping the gut microbiota composition has been suggested as strategies 
for prevention and treatment for food allergy(23). In both mouse and human in vitro DCs models 
(chapter 4 and chapter 5), we found that HMOS mixture induces a phenotype of DCs which seems 
tolerogenic and subsequently increases the percentage of regulatory T cells. In line with these in 
vitro observations, we observed an increased frequency of CD103+DCs and Foxp3+ Tregs in the 
MLN of mice fed 2’-FL, within the vaccination model, (chapter 6). These findings indicate some 
potential for the HMOS mixture and an individual HMO such as 2’FL to support induction of tol-
erance. Interestingly, in mice fed 2’FL, an increased Th1-type of adaptive immune response could 
be detected. Since allergy is characterized by a typical Th2-dominated response, it is reasonable to 
postulate that there may be a function of 2’FL in the prevention or management of allergy. Although 
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no reports on the effects of authentic HMOS mixture on the allergic disease development can be 
found, FUT2-dependent breast milk composition (including the individual HMO 2’FL among oth-
ers) has been linked to reduce the risk for IgE-associated eczema at 2 years of age(24). In this regard, 
both 2’FL and 6’SL ameliorate food allergy in mice, mainly through the induction of IL-10+ Tregs 
and the indirect stabilization of mast cells within a mouse model(25). However, whether there is a 
correlation between the levels of acidic oligosaccharides, like 6’ SL in breastmilk to development 
of allergy has to be established. In addition, the prebiotics lcGOS/scFOS influence the development 
of immune responses towards several allergens, including cow’s milk allergens. This may, imply 
potential for specific oligosaccharide structures in the prevention of allergic disorders, including 
atopic dermatitis within infants(26). Within this thesis, we have shown that a combination like 2’FL/
scGOS/lcFOS effectively reshapes the gut microbiota composition, and elevates intestinal Th1 and 
Tregs responses, which may lead to a more balanced immune response in the intestine in the context 
of allergy. It can be speculated, that a specific combination like 2’FL with the prebiotic mixture 
scGOS/lcFOS have protective potential against the development of allergic diseases such as food 
allergy. However, clinical studies are needed to confirm this hypothesis. 

HMOS— a new class of antimicrobial agents?
Breastfeeding has been associated with a significant reduction in the impact of infections in in-
fants(27,28). Specific structures of HMOS are suggested to play a key role in this protective effect due 
to their anti-adhesive and anti-microbial properties. For example, different individual HMOS are 
inversely associated with gastrointestinal tract infections causing diarrhea and/or respiratory tract 
infections causing airway complications. For example, higher relative abundance of fucosyloligo-
saccharides have been associated with a reduction of diarrhea incidence induced by E.coli(16,17); and 
increased levels of Lacto-N-fucopentaose II (LNFP-II) are associated with reduction of respiratory 
tract infection(29) and gastrointestinal illness(30) in infants. Besides, in vitro data indicate Lex positive 
HMO as potent inhibitor for HIV through blocking of HIV-1gp120 binding to the DC-SIGN recep-
tor on human DCs(20). Overall, these findings support the notification that HMOS can be seen as a 
novel class of antimicrobial agents. Future studies should evaluate the potential of HMOS mixture 
and 2’FL/scGOS/lcFOS in this respect. 

Overall conclusion 
This thesis provides evidence for the protective properties of authentic HMOS mixture on the de-
velopment of autoimmune diabetes in mice. The beneficial effects of HMOS against T1D might be 
attributed to their direct immune modulatory effects as well as their indirect effects through shaping 
the gut microbiota composition and metabolites (SCFAs). These findings support the hypothesis 
that breastfeeding is an independent protective factor against autoimmune diabetes for the geneti-
cally predisposed individuals. 

Dietary intervention with 2’FL and the mixture of 2’FL and scGOS/lcFOS, effectively improved 
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influenza vaccine responsiveness in mice. In line with the findings within the diabetes model, 2’FL 
and 2’FL/scGOS/lcFOS interact through direct and indirect pathways, shaping a proper immune 
environment for maximal vaccine efficacy. Evaluation in humans is necessary to fully understand 
translational capacity of our models and the breath of responses detected. 

HMOS are capable to induce tolerogenic phenotypes and function, in both murine and human DCs, 
suggesting a beneficial potential of HMOS in different immune disorders. The possible underlying 
molecular mechanisms, including DC-SIGN and TLR4 signaling, provide indications for using spe-
cific HMO in specific disease context. 

Overall, the findings in this thesis may contribute to the understanding and use of specific HMOS 
structures for the prevention and/or treatment of immune related disorders such as allergies and 
autoimmunity. In addition, these structures should be part of infant milk formula for those kids that 
do not have access to human milk. 

Summarizing figure
An overview of the beneficial properties and proposed mechanisms of HMOS on type 1 diabetes 
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(Chapter 4), influenza vaccine models (chapter 6 and 7) described in this thesis (blue panels); 
summarized and postulated immune modulatory effects of HMOS in other immune related disease, 
namely allergic and infectious disease (red panels). 
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CHAPTER 9
English summary
Nederlandse Samenvatting
中文总结



ENGLISH SUMMARY

Human milk is the best nutrition for infants, which was discovered already more than 100 years ago. 
Next to lipids and lactose, it is the diversity of human milk oligosaccharides (HMOS) that make 
mother’s milk so unique. HMOS are a complex of glycans that comprise more than 1000 different 
structures. Despite differences during time of lactation, genetic makeup of the mothers and the envi-
ronmental impact, an average of 5-25g/L HMOS can be present in human milk. Besides nutritional 
value, HMOS also have bioactive functions. Originally HMOS were discovered as prebiotics which 
promote the growth of beneficial bacteria by serving as metabolic substrates. However, HMOS are 
resistant to gastric and duodenal digestion, they have been detected in systemic circulation and 
secretions and it is likely that these sugar molecules also directly interact with various immune 
cells. Understanding the immune modulatory potential and underlying mechanism HMOS have in 
vitro as well as preclinically in animal models, will provide input for novel strategies for support-
ing immune development, thereby preventing and/or treating immune disorders. More importantly, 
this knowledge may allow design of a prebiotic oligosaccharide mixture resembling the authentic 
HMOS composition and function. An overview of the knowledge about HMOS regarding its immu-
nological benefits was provided in chapter 2. The other chapters of this thesis aim to fill the gap in 
knowledge regarding the immune developmental potential of HMOS. 

Type 1 diabetes (T1D) is an autoimmune disease in which insulin-producing islet β-cells are de-
stroyed by autoimmune responses mediated by cytotoxic T cells and excessive activation of Th1 and 
Th17 cells. Despite genetic predisposition, environmental factors such as diet (e.g., breastfeeding) 
and gut microbiota composition/metabolism also influence disease development. Currently, there’s 
no cure for T1D, but long term and exclusive breastfeeding has been shown to be protective against 
the development of T1D. In chapter 3, we hypothesize that the HMOS present within human milk 
may be the key components involved in the prevention of T1D development, due to their immune 
modulatory and gut microbiota regulatory potential. In chapter 4, we demonstrate that early supple-
mentation with HMOS in the diet significantly protect within a mice model of spontaneous diabetes 
development (NOD-mice) from developing T1D later in life. We observed an altered gut microbiota 
profile and immune responses by the dietary intervention, confirming our hypothesis. Our study 
suggests that HMOS may indeed be part of the beneficial substances present in human milk, sup-
porting the protective effects of breastfeeding against the development of T1D.

Alterations in both the microbiota composition as well as in immune responses were observed. 
It is therefore not yet clear whether alteration in gut microbiota composition drives the immune 
response, which subsequently influences disease development or whether the microbiota-indepen-
dent immune modulatory effects of HMOS is leading this change. Building on our knowledge that 
dendritic cells (DCs) are central players of the immune system that prime and differentiate T-cell 
and B-cell responses, in chapter 4 and 5 we carried out in vitro studies on mouse bone marrow 
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derived DCs and human monocytes derived DCs. Using both these DC models, we demonstrate 
the direct immunomodulatory properties of HMOS. Furthermore, we showed that the immunomod-
ulatory effects of HMOS are attributed to the activation of receptors including but not limited to 
DC-SIGN and TLR4, which have been suggested to be involved in the immune regulation of the 
most abundant oligosaccharides 2’fucosyllactose (2’FL) and 3’sialyllactose (3’SL), respectively. 
These results provide insights in the effects of HMOS mixture on both murine and human DCs in a 
microbiota-independent manner. Our findings may have implications for the future investigation of 
the immune modulatory properties of individual HMOS on immune development.

Building on this knowledge, in chapter 6, we mainly focused on the immune modulatory properties 
of the specific HMO, 2’FL. It is known that vulnerable populations like infants and elderly have 
an incomplete or compromised immune system which renders them at higher risk for infections. 
Individuals from these vulnerable populations also show difficulties to respond to vaccinations ef-
ficiently. By feeding mice a 2’FL containing diet and giving an influenza vaccination, we observed 
that 2’FL effectively improves both the humoral and cellular immune response to the vaccine, 
which has not been shown for other prebiotic oligosaccharide structures before. 2’FL plays a role in 
regulating the phenotypes and antigen-presenting capacity of DCs, confirming our hypothesis. Our 
observations suggest that 2’FL is a promising candidate, able to improve the immune response of 
infants as well as elderly however, it is still a single HMO.

Ultimately, a mixture of 2’FL and the well-established prebiotic short-chain Galacto-oligosac-
charides (scGOS) and long-chain Fructo-oligosaccharides (lcFOS) was designed to resemble the 
molecular size distribution and functional aspects of the neutral fraction of authentic HMOS. In 
chapter 7, we investigated the effects of a dietary 2’FL, scGOS and lcFOS mixture in the same 
vaccination model as described in chapter 6. Furthermore, we aimed to provide detailed analyses 
of host microbe interactions and the immune modulatory effects induced by the 2’FL/scGOS/lcFOS 
mixture. Interestingly the vaccine specific cellular responses improved due to the dietary interven-
tion and was correlated to a changing gut microbiota composition and its metabolites. Furthermore, 
significant correlations were detected between specific bacterial genera and vaccine-specific im-
mune responses. Our data indicate that the presence of local immune modulatory properties of 2’FL 
support the health beneficial potential of complex mixtures of oligosaccharides within human milk, 
essential in early life nutrition. 

Finally, in chapter 8, we discussed the findings of this thesis, which may provide input for an 
effective strategy for the prevention of T1D development by dietary intervention in early life, and 
improve the immune responses of infants as well as elderly to influenza vaccinations. Moreover, 
future perspective is provided on research regarding HMOS and their potential of preventing and/or 
treating immune related disorders, including other autoimmune diseases, infectious complications 
and allergic diseases. 
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NEDERLANDSE SAMENVATTING

Moedermelk is de allerbeste voeding voor baby’s wat al meer dan 100 jaar geleden is ontdekt. Naast 
o.a. lipiden en lactose is het de diversiteit van de unieke oligosachariden in humane melk (HMOS) 
die moedermelk zo uniek maken. HMOS is een complexe mix van glycanen die meer dan 1000 
verschillende structuren omvat. Ondanks de verschillen in samenstelling van humane melk gedu-
rende lactatie, de genetische achtergrond van de moeders en de invloed van omgevingsfactoren, 
wordt een gemiddelde van 5-25 g/L HMOS gevonden in moedermelk. Naast de voedingswaarde 
van HMOS voor de baby, bezitten HMOS ook vele andere biologische actieve functies. HMOS zijn 
oorspronkelijk ontdekt als prebiotica die de groei en activiteit van zgn. nuttige bacteriën kunnen 
bevorderen door als metabole substraten (i.e. voeding voor de bacteriën) te dienen. Omdat HMOS 
resistent zijn tegen digestie in de maag en het duodenum, worden ze o.a. ook gedetecteerd in de 
(systemische) bloedsomloop en secreties zoals urine. Het is dan ook waarschijnlijk dat deze unieke 
suikermoleculen ook een directe interactie aangaan met vele cellen in ons lichaam zoals de vele 
verschillende immuun cellen en neuronen. Het begrijpen van het onderliggende mechanisme in het 
immuun modulerende vermogen van HMOS in vitro en in preklinische diermodellen, kan leiden tot 
een nieuwe strategie voor het ontwikkelen van nieuwe prebiotische oligosaccharide mengsels die 
het immuunsysteem gunstig kunnen moduleren, waardoor immuunstoornissen voorkomen en/of 
behandeld zouden kunnen worden. Deze nieuwe prebiotische oligosaccharide mengsels kunnen dan 
zoveel mogelijk afgestemd worden op de authentieke HMOS-samenstelling en -functie van humane 
melk. Een algemeen overzicht van de kennis over HMOS wordt gegeven in hoofdstuk 2, de andere 
hoofdstukken van dit proefschrift zijn bedoeld om meer inzicht te verkrijgen over de immuun mo-
dulerende werking van HMOS.

Type 1-diabetes (T1D) is een auto-immuunziekte waarbij de insuline producerende β-cellen wor-
den vernietigd door auto-immuun responsen die worden gemedieerd door cytotoxische T-cellen 
en overmatige responsen van Th1- en Th17-cellen. Ondanks genetisch predispositie, beïnvloeden 
omgevingsfactoren zoals dieet (bijv. borstvoeding) en de samenstelling/metabolisme van de darm 
microbiota, de ontwikkeling van deze ziekte. Op dit moment is er geen remedie voor T1D, maar er 
is gebleken dat het geven van langdurige en exclusieve borstvoeding beschermend werken tegen de 
ontwikkeling van T1D. In hoofdstuk 3 suggereren we dat HMOS een belangrijk groep ingrediënten 
zijn in moedermelk die de ontwikkeling van T1D zou kunnen voorkomen, vanwege de immuun 
modulerende en microbioom regulerende potenties. In hoofdstuk 4 tonen we aan dat vroege sup-
pletie met HMOS in het dieet een significante beschermende werking heeft tegen de ontwikkeling 
van T1D later in het leven in een diermodel voor spontane diabetesontwikkeling (NOD-muizen). 
Er is waargenomen dat de HMOS-dieetinterventie een veranderd darmbacterie-profiel en een ver-
anderde systemische immuun response induceert. Onze studie suggereert dat HMOS inderdaad een 
wezenlijke bijdrage leveren aan de gunstige effecten van de componenten die in moedermelk zijn 
gevonden. De beschermende effecten van moedermelk tegen ontwikkeling van T1D die we laten 
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zien, zijn uniek en zeer nieuw.

Veranderingen in zowel de samenstelling van de bacteriële compositie als in de immuun responsen 
worden inderdaad waargenomen. Het is nog niet volledig duidelijk of het de modificatie van de 
darmmicrobiota is die de immuun responsen drijft die vervolgens de ontwikkeling van de ziekte be-
invloedt of dat het de bacterie-onafhankelijke immuun modulerende werking van HMOS is die hier 
een leidende rol in heeft. Voortbouwend op onze kennis dat dendritische cellen (DC’s) de centrale 
spelers zijn van het immuunsysteem, die T-cel- en B-cel responsen induceren en differentiëren, voe-
ren we in hoofdstuk 4 en 5 in vitro studies uit op DCs afkomstig uit beenmerg van muizen en van 
monocyten afgeleide humane DC’s. Door het gebruik van deze DC-modellen hebben we de directe 
immuun modulerende eigenschappen van HMOS kunnen bestuderen. We hebben aangetoond dat de 
immuun modulerende werking van HMOS kan worden toegeschreven aan de activatie van specifie-
ke receptoren, waaronder, maar niet beperkt tot DC-SIGN en TLR4. Hiervan suggereren we dat ze 
een rol spelen in de immuun regulatie van de meest voorkomende oligosacchariden 2’-fucosyllac-
tose (2’FL) en 3 ‘sialyllactose (3’SL), respectievelijk. Deze resultaten geven inzicht in de effecten 
van de HMOS-mix op zowel muis- als humane DC’s in een microbiota-onafhankelijke manier. 
Bovendien geven onze bevindingen aanwijzingen voor het onderzoek naar de immuun modulerende 
eigenschappen van de individuele HMOS op de immuun ontwikkeling.

Voortbouwend op deze kennis, hebben we in hoofdstuk 6, ons vooral gericht op de immuun modu-
lerende eigenschappen van de specifieke HMO, 2’FL. Het is bekend dat kwetsbare bevolkingsgroe-
pen, zoals zuigelingen en ouderen, een incompleet of gecompromitteerd immuunsysteem hebben 
waardoor ze een groter risico lopen op infecties. Ook zien we dat individuen uit deze kwetsbare 
groepen moeite hebben om efficiënte vaccinatie responsen te genereren. Door muizen een dieet 
met 2’FL te geven en vervolgens te vaccineren met het influenzavaccin, zien we dat 2’FL zowel 
de humorale als de cellulaire immuun response op het vaccin effectief kan verbeteren. Bevestigend 
en kloppend met onze hypothese, speelt 2’FL dus een rol bij het reguleren van de fenotypen en 
antigen-presenterende capaciteit van DCs. Verder suggereren onze observaties dat 2’FL een veel-
belovende kandidaat is, hoewel eenzijdig in structuur, om de immuunrespons van zuigelingen maar 
ook ouderen (immunosenesence patiënten) te verbeteren.

Uiteindelijk is een mengsel van 2’FL met de goed en veelvuldig onderzochte prebiotische korte 
keten Galacto-oligosacchariden (scGOS) en lange keten Fructo-oligosacchariden (lcFOS) meng-
sels onderzocht. Dit nieuwe mengsel heeft een vergelijkbare moleculaire distributie als de neutrale 
oligosacchariden in humane melk. Tevens zijn er indicaties dat er functioneel vergelijkbar effecten 
zouden kunnen zijn. In hoofdstuk 7 beschrijven we de effecten van het 2’FL, scGOS en lcFOS 
mengsel in hetzelfde vaccinatiemodel als beschreven in hoofdstuk 6. Verder hebben we gedetail-
leerd de gastheer-bacterie interactie en immuun modulerende effecten geïnduceerd door het 2’FL/
scGOS /lcFOS dieet onderzocht. Interessant genoeg verbeterden de vaccinatie specifieke cellulai-
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re responsen door deze dieetinterventie en kunnen ze worden gecorreleerd aan een veranderende 
darmbacterie samenstellingen en zijn metabolieten. Verder zijn significante correlaties gedetecteerd 
tussen specifieke bacteriesoorten en vaccin-specifieke responsen. Onze gegevens duiden op de aan-
wezigheid van lokale immuun modulerende eigenschappen van 2’FL en ondersteunen zo deels het 
gezondheidsvoordeel van deze complexe oligosachariden in moedermelk en de essentiële voeding 
in het begin van het leven.

Tot slot; in hoofdstuk 8 bespreken we en vatten we de bevindingen van dit proefschrift samen, 
waaronder een effectieve strategie voor de preventie van T1D, door middel van voedingsinterventie 
in het vroege leven, en het verbeteren van de immuunrespons van zuigelingen en ouderen op het 
influenzavaccin vallen. Bovendien wordt een toekomstperspectief geboden voor het onderzoek naar 
HMOS met betrekking tot hun potentieel in het voorkomen en/ of behandelen van immuun gerela-
teerde aandoeningen, waaronder auto-immuunziekten, infectieziekten en allergische aandoeningen 
vallen. 
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中文总结

早在一百多年前人们就已经发现母乳是婴儿成长最优质的天然食物。除了脂肪、乳糖之外，
低聚糖(Human milk oligosaccharides, HMOS)也被认为是母乳中的重要组分。 母乳中含有超
过一千种不同结构的低聚糖，受母乳时段、母亲的基因表达和环境因素影响，低聚糖在每升
母乳中平均含量可达5-25g。母乳低聚糖除了作为婴儿的营养物质，同时也具有生物活性。
由于母乳低聚糖能够通过为肠道有益菌群提供代谢底物而促进其生长，因此早期其被认为仅
仅是一种益生元。由于母乳低聚糖不能被胃肠道吸收和代谢，并且在母乳喂养的婴儿的全身
血液循环系统、尿液以及粪便中都检测到了母乳低聚糖，研究人员提出了母乳低聚糖具有直
接调节人体免疫反应的功能的假说。因此深入探究母乳低聚糖在体外细胞和动物模型上的免
疫调节作用以及相关的作用机制对于未来利用母乳低聚糖来提高婴幼儿或老人的免疫力从而
防治免疫疾病具有重大意义。更为重要的是，这些信息将有助于科研人员研发出能够模拟母
乳低聚糖成分以及功能的替代物。本论文的第二章总结了目前已知母乳低聚糖的免疫调节作
用，其他章节旨在探究母乳低聚糖未知的潜在免疫调节作用。 

一型糖尿病是一种自身免疫疾病，其主要诱因是负责分泌胰岛素的胰岛细胞遭过度激活的自
身免疫反应破坏，导致身体无法分泌足够的胰岛素。影响一型糖尿病病程发展的因素除了遗
传易感性之外，还包括环境因子例如饮食以及肠道菌群的健康与否。尽管目前还没有能治疗
一型糖尿病的有效方法，但已有研究表明延长母乳喂养能够降低易感婴儿的糖尿病发生概
率。在本论文的第三章中，我们提出母乳低聚糖可能通过调节免疫系统和改善肠道菌群双重
作用来防止一型糖尿病的发展的设想。在本论文的第四章中，我们通过给一型糖尿病小鼠模
型饲喂含有母乳低聚糖的饲料证实了母乳低聚糖能够预防糖尿病的假说。我们发现含有母乳
低聚糖的饮食的确能够改善小鼠的肠道菌群的组分和代谢，并且调节其免疫反应。该研究提
示母乳低聚糖的确为母乳中的有益成分，并且可能是母乳喂养能够预防一型糖尿病发展的部
分原因。

母乳低聚糖饮食同时引起了的肠道菌群和免疫反应两者的反应，那么到底是由母乳低聚糖引
起的肠道菌群的改变进而引起免疫反应的改变还是正好相反呢? 为了探究这个问题，在本论
文的第四章和第五章中我们在小鼠骨髓干细胞衍生的树突状细胞以及人外周血单细胞所衍生
的树突状细胞进行了研究。在这两种树突状细胞上，我们都证实了母乳低聚糖能够直接调节
免疫反应。除此之外，我们还发现母乳低聚糖的免疫调节作用得益于2’-岩藻糖基乳糖(2’-Fu-
cosyllactose, 2’FL) 与C型凝集素受体DC-SIGN以及3’- 唾液酸乳糖(3’-Sialyllactose, 3’SL 与
TLR4 的结合。当然，母乳中其他的低聚糖与相关受体的结合反应也可能是促进母乳低聚糖
混合物免疫调节功能的因素。这些研究结果充分表明母乳低聚糖具有不依靠肠道微生物的直
接免疫调节作用，为以后研究单个母乳低聚糖免疫调节功能打下了基础。

在此基础上，本论文的第六章深入探究了单个母乳低聚糖即2’FL的免疫调节作用。研究表
明，一些易感人群包括婴幼儿以及老人，由于其免疫系统发育不完善或者退化，使其不能对
很多疫苗产生有效的免疫反应。本章中我们证实通过饲喂含有2’FL的饲料，小鼠对于流感疫
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苗的细胞和体液免疫反应得到了显著地提高；而此前对于其他益生元的研究还从未显示相似
的效果。我们的研究还进一步证实了我们的假说，即2’FL能够调节树突状细胞的表型以及抗
原呈递功能。本研究提示2’FL可能是一种能够调节婴幼儿以及/或者老年人免疫功能的单母
乳低聚糖。

本论文的第七章中，我们根据前几章实验研究结果合理设计了一种旨在模仿母乳低聚糖的分
子构成和功能的益生元混合物，这其中包括了单母乳低聚糖2’FL,短链低聚半乳糖(short chain 
Galactooligosaccharides, scGOS)以及长链果寡糖(long chain Fructooligosaccharides, lcFOS), 并
且研究了该益生元混合物(2’FL/scGOS/lcFOS)在同个流感疫苗小鼠模型的的免疫调节效果。
有趣的是,2’FL/scGOS/lcFOS通过调节肠道菌群结构和代谢提高了小鼠对于疫苗的免疫反应。
进一步研究表明，一些特定种类的肠道细菌与小鼠对疫苗的反应成正相关。这些研究数据表
明，存在于单母乳低聚糖混合物中的2’FL是支持母乳免疫调节功能的重要有益组分，是婴幼
儿早期营养中所不可或缺的成分之一。

最后在第八章中，我们论述了本论文的主要研究发现，这些研究结果将为以后通过早期饮
食干预来防治一型糖尿病、提高婴幼儿以及老年群体对于疫苗的免疫反应提供有用的研究思
路。此外，本章还就利用单母乳低聚糖防治免疫相关疾病，包括自身性免疫疾病、传染病以
及过敏症提出了展望。
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my PhD position in the department of Pharmacology. I have been always grateful that you provided 
me the chance working in this great team and living in the Netherlands. And thank you for being 
so supportive for my research, you are always so patient listening my proposal and give practical 
and useful suggestions; most importantly, you gave me so much freedom to explore my research 
hypothesis. And I will definitely miss the orange juice you brought with an ice box on my animal 
sectioning day, that really surprised and motivated me, that’s so kind of you! Besides, I appreciate 
you for supporting me to attend conferences to expand my knowledge and network, that’s how 
I could attend my first international conference in the USA already in the first year of my PhD. 
Besides research, we had a lot of fun in the Art museum and China town in Philadelphia after the 
Pharma-nutrition conference, and I will never forget the football game we watched together in a bar 
in Budapest after the IPC conference. 

Johan, in fact that in China we can’t call the name of a professor, but here I call your name all the 
time and even made so many jokes on you, and I am still not fired!  Dear Johan, you are the hum-
blest professor and group leader I’ve ever seen. You came to talk to me so often in my third year, 
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I know that you wanted to make sure that I was not stressed out by working hard, thank you for 
doing that, indeed every time after talking to you I felt much more relax and stronger. And I really 
appreciate your confidence in me, since you recommended me twice to the UIPS PhD competition 
(I never won though), it’s the greatest complements for me! You always ask Chinese students ‘Are 
you still happy? Everything going well’. I believe just like me, most of us would answer ‘Yes, of 
course’. Because you try really hard to make us feel involved in the team, enjoy our work and life 
in the Netherlands, instead of being working hard like a robot. Finally, I would like to thank you for 
tolerating me being so noisy and naughty in the corner next to your office, I noticed that every time 
when I was too noisy and active, the door of your office was slowly closed. 

Bernd, I admire your keep-learning attitude so much since I noticed that in every symposium or 
meeting you were always busy with making notes; and as a chemist, you are also eager to learn 
and understand biological principles. Thanks a lot for transferring me your expertise in human 
milk research, without your kind support, several important chapters of my thesis would not be 
accomplished. Talking to you every time was always nice experience. I am so proud that during my 
PhD study I could learn things from you. You taught me to think from not only academia’s but also 
industry’s perspective. In the future when I go back to China, I would be more than happy if there’s 
any chance to continue our collaboration. 

Paula and Paul, my best friends, my Paranymphs, my lunch buddies, and my favorite Spanish and 
Dutch in the world. My PhD life would be so boring without you guys surrounding me. Sometimes, 
I feel like you are my big sister and brother, always try to protect me. You guys said I am a blessed 
Chinese, I fully agree, but that’s because I have you guys to protect, cheer up, and unconditionally 
support me. Also thank you for always told me to be myself and do whatever I want (sometimes 
also ridiculous things though), I can’t appreciate this enough, because I know only the true friends 
do that. Thank you for cheering me up by hugs, cookies, candies, ice cream, and gamble when I was 
upset, I will miss the time we went to the spar when we were bored by work. How lucky I am to be 
your friends! I barely said it though, but truly, I love you guys so much. I am really looking forward 
to seeing you guys in China! 

Susan, I already missed you right after you left. I missed the time when we shared candies, we 
looked at Boris’s funny photos and videos, and our chatting every morning. Thank you for listening 
to me every time when I was stressed out and always being willing to help me. And I really appreci-
ate that you and Mitch helped me make my thesis cover. I wish you will have fun in the new working 
environment and stay happy all the time. Marjolein, it was so joyful every time chatting with you, 
you always bring me positive energy, thank you for that. Although you moved to another corner, you 
are always one of our ‘naughty and noise corner’. Good luck with giving birth to the baby. 

Thea and Ingrid, my favorite technicians, and my friends. Thank you so much for your assistance 
for the DEC application in the first year of my PhD, it wouldn’t go so smoothly without your help 
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and tips. Thank you for being supportive for all my requests and being patient for all my questions. 
I really like your attitude towards work, direct and super efficient!  I appreciate you both always 
being willing to share your happiness from your family and funny things of kids, I love listening 
those stories.  

I would like to thank our dearest coordinator Paul H and secretary Lidija, thank you for organizing 
all those nice events and courses for our department, and thank your efforts for my symposium and 
defense.  

Dear Alette, it’s always so comfortable and joyful talking to you, and you also made me to believe 
that female professors can do great job as male professors do. And thank you so much for providing 
me the opportunity to continue my research in our department after my PhD, I know you made a 
great effort to make it come true, I really look forward to working on this promising project and I 
will try my best to make contribution to this project. Roos, I would like to thank you for recom-
mending me as the candidate for the UIPS PhD competition in 2017, thank you being confident in 
me! 

I would like to thank my lovely and kind hearted colleagues. Atanaska, everyone knows that I am 
a big fan of you, but it is not because your hair is curly (everybody thought so though). People did 
not know how much help you provided me in the beginning of my PhD, you were the only one I 
could think about to ask for help at that moment, and you always were willing to help although you 
were extremely busy with your own work. Talking to you was one of the most joyful things during 
my PhD. I wish you all the best with working in Nutricia and a good career in the future. Dear Ve-
ronica, you are such a nice and modest lady, I appreciate the help you provided to my interns, and 
always being willing to share experimental material with us. Besides, I wouldn’t for forget the nice 
experience we had in Switzerland for the WIRM, and thank you for taking care of me, I would lose 
my luggage for several times even myself otherwise without you along.  And I am so happy that you 
took over the HMOS-Vaccine project, you are definitely the best one to follow up this project, and 
I believe you will do better job than I did. Dear Marlotte, my chatting friends and my counselor, 
I went to you so often since I always had a lot of questions and I thought you are the most capable 
person to answer them. Thank you for being so patient answering all my difficult questions and 
sharing your experience, and for cheering me up all the time. I really love the moment when we 
both became mean for the same thing during our chatting. I hope you will enjoy your work and life 
in Singapore, and wish you all the best! Dear Kirsten, you are such a sweet and kind lady. I would 
never forget the time when you came to the lab in the evening of my sectioning day to comfort me 
and make sure that I was still doing fine after an intense day, thank you so much for your concern. 
Of course, I also remember your shocked face after you saw the big mess I made in the Flow hood. 
Dear Kirsten, I wish you a lot of good luck with finishing your PhD! Suzanne, I like the way we 
talk to each other, very direct and efficient. And it’s so nice to have you to discuss some interesting 
research topics, good luck with the rest of your PhD. Dear Hamed, Anne Metje, Milos, Negisa, 
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Michele, and Amer, it’s so nice to have you guys around, I really enjoyed the chilling time we had 
together, thank you for being around! Jistke, I missed the time when you were still here, really 
enjoy talking to you during our lunch in the hospital, I like your direct personality, and the party I 
had in your house was definitely one of the most special and unforgettable in my life. Dear Reshmi, 
thank you very much for sharing your own experience with me and giving useful suggestion to me, 
I really look forward to our collaboration in the coming months. 

Also I would like to acknowledge our Nutricia consortium, it was really amazing experience for 
me collaborating with people from this great company. I am grateful for the help and support I 
received from the Platform Immunology (Selma, Saskia, Nienke, Tjaling and Desiree), I would 
like to especially thank Saskia, for your moral support in the hardest point of my PhD. You told me 
there’s a ‘right point’ of every PhD, once I reached that ‘right point’ everything will be going well, 
it turned out to be true! Your nice words really cheered me up. Also thank you for the nice and pro-
fession discussion regarding our HMOS-DC work research. Dear Tajling and Desiree, thank you 
both so much with your assistance for the animal experiments. Also, to the colleagues from Human 
milk research team (Bernadet and Marko). Thank you Bernadet for helping me a lot to obtain 
the HMOS powder for several times and assistance with the structural analysis, talking to you was 
always a nice thing to do.

Next, I would like to acknowledge our collaborators from Department of Pharmacology, Rush Uni-
versity. Dear Ali, you are such a humble professor and kind person, I really appreciate your sugges-
tions for improving my review in the very beginning when I wrote the manuscript. And thank you 
for the advices for my future career when we had dinner in the Spanish restaurant. Thank you for 
being very supportive for the microbiota analysis, our collaboration has been so successful! Phil, 
although we’ve never met each other in person, we are familiar to each other by hundreds of emails. 
There was a time I really looked forward to receiving your email since I know you always generate 
great data for us. I really appreciate your great contribution to our project, without that we could 
never publish our paper so successfully. Also, a big thank you to Ankur, Stefan from Department 
of Biological Sciences, University of Illinois at Chicago. 

Of course, without the help of all my interns, it’s not possible to finish my PhD project so efficiently, 
I taught you guys lab skills but I also learnt a lot from you. Wouter, you are the one of the best 
students I’ve ever seen. I was so lucky to have you in the hardest period of my PhD when I set up 
my first two animal experiments, I always remember the scene that you waited for me in front of the 
GDL in the very early morning to inject the mice, I felt so secure every time seeing you there. And 
you were such an efficient, precise and helpful intern. my colleagues were so surprised about how 
well you organized everything and be very clear about all the tasks for our co-workers on the animal 
sectioning day of mine. I was not surprised that you were selected from several candidates for the 
PhD position in Maastricht University, because I knew how excellent you are, and you deserve it! 
I believe you will become a great scientist in the future! Roderick, I would like to thank you for 
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the great help in the third year of my PhD, you have a strong sense of responsibility and strive hard 
to do your best, and you always said yes to any requests I had for you. I wish everything goes well 
with you. Nienke, you are much stronger than you look, I was so surprised about how independent 
you were during your internship, it was nice working together with you. Dear Celine, my last intern 
of PhD study, I am so happy to have you and so proud of you by your good presentation. Thank 
you for making our HMOS-PBMCDC story completed! I wish you very good luck with your next 
internship. I would like to thank my first intern Astrid for your contribution on our review. Let’s 
keep in touch in the future.

玉珑师姐，婧，颖欣，谢谢这四年中与你们共度的时光，也谢谢你们对我在生活和科研上的
帮助。特别是玉珑师姐，谢谢你在我刚来时给予的帮助和提供各种有用的生活资讯。婧，你
真是一个非常善良和乐于助人的女孩，希望你的付出能够很快得到收获，尽快完成学业和
你男友、家人团聚。颖欣，虽然最近半年和你聊天时间甚少，但是我真的很享受以前经常聊
天的时光，从你身上也学习到很多优点，看到了自己的不足。也希望你能够尽快完成博士学
业，迈进人生的下一个阶段。不管你是选择回国发展还是留在欧洲，都祝你能过上自己想要
的生活。最后祝你们一切都好，以后回国了我们要保持联系哦。

Also thank my other colleagues Linette, Frank, Betty, Joris, Astrid, Saskia, Soheil, Gemma, 
Mara, Suzan, Bart, Charlotte, Katja, Sandra, Aurora, Adel, Manoe, Lei, Puqiao, Yang, Meng, 
and Yalong for your kind help and support during my PhD study.

Dear Grace, it has been more than three years since I moved into your house, thank you very much 
for taking care of cleaning the house and your help for my daily life. I will miss you when I go back 
to China. 小张，祝你在未来的学业和生活中一切顺利。

I want to also thank my badminton buddies, Wiebke, Noud, Lesly, Sony and Richard. We had a lot 
of fun playing badminton, drinking ‘sinaas’ in the bar, I missed that time a lot. 

感谢我的‘明年拿亚军’羽毛球友们，张璐，高冠慧，晓斌，小跳，里得鱼，小强，谢其斌，
孙喆，洪坤彬，冠林，罗锐，Benjamin, Kevin 以及其他的球友们 文涛师兄和小郎，虽然我
们一起时总是互相嫌弃，但是不得不承认如果少了和你们打球和玩闹的美好时光我的博士生
活将是何其无聊？今年拿亚军这个口号今年一定要实现啊！！还有我的朋友练慈，我真是庆
幸那天在路上主动跑去找你搭讪，和你相处真的很舒服自在，像家人一样。希望你一直像现
在这样乐观、开朗。也祝你的研究进展顺利，早日完成学业。

感谢我的老公张顺川，和你在一起是我这辈子最幸福和最幸运的事。分开的这四年虽不易，
但是我们学会各自成长和享受孤独，感谢四年独立的个人空间和时间，让我由一个十分感性
的人成长为更加坚强和理性的人，更重要的是四年的异国恋坚定了我们一定要一起走完一生
的决心。谢谢你总是支持我做我自己！也谢谢我的公公婆婆无微不至地关心和爱护我。

最后，千言万语也表达不了我对爸爸妈妈的感激之情。感谢老爸，你说虽然你也非常希望我

22210

CHAPTER 10



像别人家的小孩一样待在父母身边随时能够看到，但是如果我因为追求事业和理想不管我走
多远你都会全力支持。是你教我做一个独立、有理想的人。也谢谢你，让我做总是没有后顾
之忧的做我自己想做的事情。感谢老妈，每次压力大的时候和你通通电话感觉自己好放松、
好幸福，谢谢你让我成为一个乐观、有毅力的人。从来没有亲口对你们说过这句话，但是我
心里不知说了多少次：爸爸妈妈我爱你们。

Ling Xiao

July 2018, Utrecht
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