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Abstract

Cow-milk based infant formulas are commonly supplemented with non-digestible
carbohydrates (NDCs) to resemble the functional properties of oligosaccharides present in
human milk. NDCs support the development of a balanced immune system through their
direct interaction with immune cells, but also through their fermentation by the gut
microbiota. In this thesis, it was investigated how the structure of the NDCs affects the
fermentability and the microbiota-dependent immune effects of the NDCs.

First, the use of pooled infant faecal inoculum in in vitro fermentation experiments was
validated. This fermentation set-up enabled us to efficiently judge the fermentability of 7
structurally different NDCs by faecal microbiota of 2- and 8-week-old infants; galacto-
oligosaccharides (GOS), fructo-oligosaccharides, native inulin, enzyme-treated and native
oat B-glucan, isomaltose-oligosaccharides (IMO) and isomalto/malto-polysaccharides. The
fermentability was dependent on the age of the infants and was negatively correlated with
the size of the NDCs. In addition, a characterization method was developed based on ultra-
high performance liquid chromatography-mass spectrometry (UHPLC-MS) with a stationary
phase of porous graphitic carbon (PGC) to study the fate of individual isomers in the infant
gut. The application of this method to digesta of GOS and IMO fermentation indicated that
e.g. the type of glycosidic linkage, anomeric configuration, monomer composition and
substitution of the terminal reducing residue all affect the fermentability of these complex
NDCs by infant faecal microbiota. Finally, the incubation of the fermentation digesta with
dendritic cells derived from the umbilical vein demonstrated the immune-attenuating
effects of the NDCs, which could be linked to the bacteria-derived components and
metabolites. The extent of attenuation by the NDCs depended on the age and consequent
microbiota composition of the infants as well as the structure of the NDCs. These findings
support the use of tailored NDC mixtures for substitution of infant formula to meet the
needs of infants of different age.
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Project outline

Early life nutrition is of utmost importance for health later in life. Human milk
oligosaccharides (HMOs) are claimed to play an important role in the health benefits of
human milk. These components are considered as prebiotics and guide the bacterial
colonization of the infant gut. The bacteria and the metabolites formed upon fermentation
of the HMOs support the development of a balanced immune system and also support
maturation of the gut-barrier. HMOs can also directly influence immune function. For those
infants where human milk is not a feasible option, cow-milk based infant formulas
supplemented with e.g. non-digestible carbohydrates (NDC) are used to replace HMOs and
to resemble their functional properties.

The prebiotic and immune effects of NDCs are not straightforward and vary depending on
the structure, based on monomer composition, size and anomeric configuration as well as
position of the glycosidic linkages. The research presented in this PhD thesis focuses on the
relation between the chemical structure of NDCs, their fermentability by infant microbiota
and their immune effects. An enhanced understanding of NDC structure-specific immune
effects will enable the tailoring of NDC mixtures for substitution of infant formulas to meet
the needs of infants of different ages and state of inflammation.

The immune system

Innate and adaptive immunity

The immune system protects us against the growth of pathogens, the growth of tumour
cells and other harmful insults. Two types of immune responses that can be distinguished
are the innate and the adaptive immune responses. Innate immune responses protect us
immediately against pathogens in an unspecific way. Previous exposure is not required as
pattern recognition receptors (PRRs) on immune cells such as macrophages or dendritic
cells, recognize conserved biological patterns displayed by pathogens as well as damage-
associated molecular patterns (DAMPs) induced by tissue stress or injury (Figure 1) [1,2].
Subsequently, the production of pro-inflammatory cytokines and non-transcriptional
responses as phagocytosis are induced to initiate immune responses and fight the
threatening situation [3].
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Figure 1 Schematic overview of adaptive and innate immunity with Th, T-helper cells; Treg,
regulatory T-cells; IFN-y, interferon-gamma; IL, interleukin; TGF-B, transforming growth factor beta;
PAMPs, pathogen-associated molecular patterns; DAMPs, danger-associated molecular patterns;
PRR, pattern recognition receptors and APC, antigen-presenting cells. Adapted from [13,14].

In contrast to innate immune responses, adaptive immune responses are highly specific,
need more time for initiation and provide immunologic memory. Dendritic cells mature into
antigen-presenting cells upon recognition of antigens and activate specific T-lymphocytes
[4]. Activated T-cells proliferate and differentiate to either T helper type | (Th1), Th2, Th17
or regulatory T (Treg) cells, which process is largely affected by the presence of specific
cytokines (Figure 1) [5].

Humoral and cellular immunity

Adaptive immune responses are classified as humoral or cellular immunity depending on
the type of T helper cells activated upon antigen recognition. Of the different T-cells,
differentiated Th17 and Th2 cells can direct the immune response into a humoral immune
response, whereas Th1 cells can direct the immune response into a cellular response [5].
The humoral adaptive immunity includes the initiation of a specific antibody response upon
the interaction of Th2 cells with B cells by the secretion of interleukin 4 (IL-4) (Figure 1).
Response to a next encounter will be performed faster due to the persistence of some B
cells, so called memory cells [6]. Immunoglobulin E (IgE) is the main antibody produced,
which has important implications for the control of host-parasite interactions but is also
responsible for triggering allergic reactions [7].

Cellular immunity includes the activity of e.g. macrophages, natural killer cells or
neutrophils, which are capable of killing pathogens. These processes are stimulated upon
the secretion of cytokines as interferon gamma (IFN-y) and IL-17 by respectively Thl and
Th17 cells (Figure 1) [8]. Main difference between IFN-y and IL-17 is the target of the
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immune response. IFN-y generates immune responses against intracellular pathogens,
whereas IL-17 generates them against extracellular pathogens [9].

Excessive humoral or cellular immune responses are prevented by Treg cells which can
suppress other T cells via a feedback loop [10]. The type of response induced by T-cells can
also be altered upon changing the micro-environment, which shows the potential of
immunomodulation in case of immune disease caused by inappropriate immune responses
[11,12].

Intestinal immune system

The majority of immune cells (70-80%) present in the human body are located in the
intestine, which represents the largest interface between the host and the external
environment (Figure 2) [15]. Several lines of defence are present in both small intestine and
colon to protect against invading pathogens. The first line of defence is constituted by a
layer of mucus covering the epithelial layer. The mucus is build-up of mucins, which are
secreted by goblet cells residing in the epithelial layer. Paneth cells and enterocytes secrete
antimicrobial peptides (AMPs) into the mucus, which further prevents the translocation of
pathogens from the lumen into the systemic circulation [16]. Secretory IgA also has
important implications in the clearance of pathogens from the intestinal lumen [17].

The second line of defence is the intestinal epithelium, which forms a physical barrier with
epithelial cells connected by tight junctions [18]. Despite the barrier function, important
cross-talk exists between pathogens as well as commensal bacteria with immune cells on
both sides of the intestinal epithelium. Some bacteria can affect hostimmunity by attaching
to intestinal epithelial cells, which consequently secrete humoral factors or cytokines [19].
T-cellimmune responses can also be directly altered by bacteria-derived molecules such as
adenosine triphosphate (ATP) [20]. Furthermore, antigens can be transported via microfold
(M) cells in the follicle-associated epithelium (FAE) [21], but they can also be sampled
directly through the epithelium by specialized dendritic cells [22]. Through these pathways,
pathogens and commensal bacteria can initiate a cascade of adaptive and innate immune
responses. The type and extent of such responses are highly dependent on the region of
the intestine as the immune landscape varies throughout the small and large intestine [23].
However, health implications of the regional immune specialization still largely remain to
be discovered.
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Figure 2 Schematic overview of the intestinal immune system as present in the small intestine, colon
and the follicle-associated epithelium which is specialized for the uptake and processing of antigens
and microorganisms; sIgA, secretory immunoglobulin A; M cell, microfold cell; DC, dendritic cell;
AMPs, antimicrobial peptides [18].

Development of intestinal immunity in infants

The intestinal immune system is anatomically in place after about 28 weeks of gestation.
Nonetheless, the first weeks postpartum are crucial for the maturation and actual
protection of the infant as the intestinal epithelium is still permeable upon birth [24]. The
main cause of the ‘leaky’ infant gut are immature tight junctions, which are supposed to
attach adjacent epithelial cells and form a paracellular barrier. Tight junctions are composed
of a protein complex (e.g. occludin, claudin) and proteins which link the complex to the actin
cytoskeleton [25].

Next to the epithelial barrier integrity, the immune environment of the infant also changes
drastically upon birth. In utero the immune responses mainly show an anti-inflammatory
(Th-2) phenotype to protect the foetus from rejection. However, once the infant is born, a
shift towards a balanced pro- and anti-inflammatory phenotype is needed to fight
pathogens in a controlled way whilst at the same time protecting the infant against the
development of allergies later in life [26]. A proper microbial colonization of the infant gut
contributes to the development and maturation of the infant intestinal immune system [27].
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Microbial colonization of the infant gut

The gut microbiota plays an essential role in both health and disease [28]. Bacteria make up
the largest part of this complex ecosystem, which is also composed of archaea and fungi
[29]. More than 1000 different bacterial species are present in the adult gut, with the large
intestine representing highest bacterial density (101 per gram of gut content) [28]. The
relatively stable adult microbiota is preceded by a period with marked changes and high
diversity in microbiota composition in the first years of life [30].

Establishment of gut microbiota in early life

When exactly the first bacteria establish in the gut is currently highly debated. For years it
has been considered that the infant gut is sterile upon birth [31]. However, several studies
have shown the presence of bacteria in the placenta, amniotic fluid and umbilical cord,
which suggests the colonization of the foetal gut in utero [32-34]. Whether sterile or not,
during birth the infant gut is introduced to a large diversity of maternal vaginal and intestinal
bacteria as the infant passes though the birth canal [35]. The first colonizers are principally
facultative anaerobes such as Enterococcus and Escherichia, which consume last traces of
oxygen present in the gut. Over a period of days an anaerobic environment is created, which
enables the growth of strict anaerobic bacteria (Bacteroidetes, Firmicutes and in particular
Actinobacteria with high levels of Bifidobacterium [36]. Upon aging the bacterial diversity
increases until, at an age of 2-5 years, a more adult-like microbiota composition has been
reached [37]. Several factors influence the colonization process in these crucial first years,
having implications for lifelong health.

Determinants in microbial colonization

Colonization of the infant gut in the first years of life is influenced by several factors, such
as mode of delivery and gestational age (Figure 3). The mode of delivery is an important
driver of the colonization as the birth canal harbours many bacteria. Infants born via
caesarean section are reported to have lower gut microbial diversity and delayed
colonization of Bacteroidetes as compared to infants born vaginally [38]. Next to delivery
mode, the gestational age turned out to be of high importance. Preterm infants show a
delayed gut colonization with strict anaerobic bacteria such as Bifidobacterium and
Bacteroides, which could possibly be explained by antibiotic use, parenteral nutrition and
the hospital environment [39]. Next to the environment and host genetics [40,41], the
feeding mode has also been suggested to play a role in the infant gut colonization. Human
milk is recently recognized to act as bacterial source to the infant gut with Staphylococcus,
Streptococcus, Bifidobacterium and Lactobacillus being most abundant [42]. HMOs present
in human milk have been associated with high levels of Bifidobacterium in the gut [43,44].
Hence, the feeding mode which is relatively easy to control, forms a potential pathway via
which the colonization of the infant gut can be influenced.
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Figure 3 Main determinants of colonization of the infant intestine upon aging [45].
Human milk oligosaccharides

The World Health Organization recommends exclusive breastfeeding for infants up to 6
months as it provides several health benefits in early infancy but also later in life [46]. HMOs
are the third most abundant component in human milk, after lactose and lipids. The
concentration ranges between 5-25 g/L depending on the lactation stage. Highest
concentrations are found in the colostrum, which is produced the first days after birth [47].

Chemical structure of HMOs

The term HMO comprises a whole array of oligosaccharide structures differing in size, type
of linkage and decoration of the backbone (Figure 4). The backbone of HMOs is composed
of lactose at the reducing end, which is elongated via B(1-3)-linkage by lacto-N-biose (Gal-
(B1,3)-GIcNACc) or lactosamine (Gal-(B1,4)-GIcNAc) units, resulting in linear Type | or Type Il
HMOs respectively. Substitution of lacto-N-biose or lactosamine to the backbone via a B(1-
6)-linkage introduces branching, so called iso-HMO [47]. The linear and branched chains can
be further decorated by fucose or sialyl moieties resulting in either neutral or acidic HMOs
[48]. These structural features led to the discovery of more than 200 different
oligosaccharides in human milk, with the neutral oligosaccharides being most abundant
[49,50]. The exact composition of the HMOs in human milk depends partly on the presence
of Lewis and Secretor genes in the mammary gland. The Lewis gene is responsible for the
fucosylation of the HMO backbone via an a(1-3)- or a(1-4)-linkage, whereas the activity of
the Secretor gene results in fucosylation via an a(1-2)-linkage [48]. The four most
predominant HMOs in the human milk of mothers with the prevalent secretor Lewis positive
genotype: 2'FL (Fuc(al-2)Gal(B1-4Glc), LNFP | (Fuc(al-2)Gal(B1-3)GIcNAc(B1-3)Gal(B1-
4)Glc), LNDFH I (Fuc(al1-2)Gal(B1-3)[Fuc(al-4)]GIcNAc(B1-3)Gal(f1-4)Glc) and LNT (Gal(B1-
3)GIcNAc (B1-3)Gal(B1-4)Glc), account for 25-33% of all HMOs [51].
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Figure 4 Structural composition of HMOs with A: structural blueprint, B: Elongations of lactose by
lacto-N-biose (Type ) or lactosamine (Type Il) resulting in linear (para) or branched chains (iso), C:
Examples of fucosylated (neutral) and sialylated (acidic) HMOs [47].

Immune effects of HMOs

Breastfeeding has been associated with a decreased risk of the development of allergies
and asthma, but also of infectious diseases such as diarrhoea and respiratory tractinfections
[52]. It is now well established from a variety of studies that HMOs play a significant role in
the immune benefit of breastfeeding.

Several lines of evidence for an enhanced immunity are linked to the prebiotic effect of
HMOs. HMOs are resistant to digestion in the small intestine, which makes them available
as substrate for bacteria in the large intestine [53]. Mainly Bifidobacterium and Bacteroides
species are stimulated by HMOs as these bacteria are equipped with enzymes to efficiently
utilize HMOs [54]. Depending on the type of bacteria and its role in the microbial
community, specific short chain fatty acids (SCFAs) such as butyrate, propionate and
acetate, are produced upon fermentation. Principally, butyrate forms the major energy
source for colonocytes [55]. The SCFAs also have shown to improve gut integrity by affecting
tight junction proteins in the epithelial layer [56] and mucin production by goblet cells [57].
Furthermore, several studies have demonstrated that SCFAs regulate immune cell function
both locally and systemically [58-60]. In addition to the bacterial metabolites, beneficial
bacteria themselves can also affect immune cells as exemplified in previous research for
Bifidobacterium breve [61]. B. breve affected the production of cytokines by epithelial cells,
thereby modulating the local immune environment in the gut.

Next to the microbiota-dependent effects, HMOs can directly affect gut integrity and local
immune landscape by interaction with epithelial and immune cells [62,63]. These effects
could even be exerted systemically, as minor amounts of HMOs have shown to access the
bloodstream [64,65]. HMOs also support the closure of the ‘leaky’ infant gut during the first
weeks postpartum by stimulation of the maturation of the intestinal epithelium [66].
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Additionally, HMOs can bind to pathogenic bacteria and in this way prevent their adhesion
to the intestinal surface [67].

Interestingly, most of the observed microbiota-dependent and direct immune effects
exerted by HMOs are structure-specific, as reviewed by Bode et al [68]. Fucosylated HMOs
((a1-2)-linked) could for example protect against infections with Campylobacter jejuni [67],
while this specific structural feature was least effective in the prevention of Entamoeba
histolytica infections by HMOs [69]. On the other hand, HMOs decorated with two sialic
acids seem to play a crucial role in the protective effect of HMOs against necrotizing
enterocolitis, a severe intestinal disorder commonly occurring in preterm infants [70].

Non-digestible carbohydrates

Commercial NDCs added to infant formula

Nowadays several NDCs are added to infant formula to take over the health effects of HMOs
in infant formula. Most commonly used NDCs are described in more detail in this section.
In addition, this section introduces some plant-based NDCs which could potentially be
added to infant formula.

Galacto-oligosaccharides (GOS)

GOS are produced commercially by fungal, yeast or bacterial B-galactosidases, which
catalyse the hydrolysis and transgalactosylation of lactose [71]. This process results in the
production of a highly complex mixture of galactose chains with a terminal reducing glucose
or galactose unit, varying in type of glycosidic linkage; B(1-3), B(1-4), B(1-6), B(1-2) and
degree of polymerization (DP) (Figure 5A) [71]. The chains can be either linear or branched
with a disubstituted terminal reducing glucose or galactose unit [72]. Also non-reducing GOS
containing a B(1-1)-linkage between acceptor’s terminal glucose residue and the
enzymatically attached galactose residue have been reported (Figure 5B) [72,73]. The
composition of GOS is highly dependent on the source of B-galactosidase, since the
enzyme’s origin influences the size of the produced oligosaccharides and the regioselectivity
of the enzyme [74]. As the applied enzymes vary in industry, several structurally distinct GOS
mixtures are commercially available [75].

Inulin-type fructans

Inulin-type fructans are commonly isolated from chicory root for commercial use [76]. The
term inulin comprises a heterogenous group of oligomers and polymers consisting of linear
chains of B(2-1)-linked fructose monomers. The chains vary in DP and can have either a
glucose (GF series) (Figure 5C) or fructose (F series) (Figure 5D) moiety at the reducing end
[76]. Inulin-type fructans are extracted and marketed as native inulin containing
predominantly the inulin-type GF series DP 2-60. Native inulin can also be further
hydrolysed using enzymes or acid to obtain fructo-oligosaccharides (FOS) with DP 2-10, also
designated as oligofructose [77]. Long-chain inulin (DP 10-60) (IcFOS) is obtained from native

9
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inulin with physical separation techniques and are commonly applied in infant formula in
combination with GOS or FOS [78].

Polydextrose
Polydextrose is produced by a polycondensation reaction of glucose in the presence of citric
acid and sorbitol. This process results in a mixture of highly branched glucan chains with a
DP ranging between 2-110 (average DP12) (Figure 5E). The variation of glycosidic linkages
contributes to the high complexity of polydextrose as a- and (1-2)-, (1-3)-, (1-4)- and (1-6)-
linkages occur [79].
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Figure 5 Structural blueprint of NDCs with A: Reducing GOS with n= DP3-8 and B-linkages, B: non-
reducing GOS with n = DP 3-8 and B-linkages, C: FOS and inulin GF series with n = DP 2-10 and DP 2-
60 respectively with a-linked glucose and B-linked fructose, D: FOS and inulin F series with n = DP 2-
10 and DP 2-60 respectively, solely B-linkages and E: polydextrose with both a- and B-linkages.

Potential plant-based NDCs for supplementation of infant formula

Pectin oligosaccharides (POS) have received considerable attention for their promising
prebiotic effects [80-82]. POS can be obtained by hydrolysis of pectin, which is present in
plant cell wall material. For industrial use pectin is commonly extracted from by-products
such as sugar beet pulp and citrus peels. Pectin is characterised by a high structural
complexity, which leads to the formation of a broad range of oligosaccharides upon
hydrolysis; arabinogalacto-oligosaccharides, galacto-oligosaccharides and arabino-
oligosaccharides. In addition, acidic oligosaccharides are present such as oligo-
galacturonides and rhamnogalacturonan-oligosaccharides, which both can be decorated
with methyl- or acetyl ester groups. The exact composition of POS is highly dependent on
the process and the source of pectin [85]. The immunomodulatory properties of so-called
pAOS representing pectin oligogalacturonides have been recognized in several studies
[83,84].

Next to pectin, also hemicellulose is present in the plant cell wall. This is a class of
polysaccharides including xyloglucans, glucomannans, glucuronoxylan, arabinoxylan and
xylan [86,87]. Upon hydrolysis of xylan, xylo-oligosaccharides (XOS) are produced which have
shown to exhibit prebiotic activity [88,89]. XOS are composed of linear chains of B(1-4)-

10
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linked xylose units ranging from DP 2-10. Agricultural by-products such as straw and corn
stalks are potential sustainable sources with high xylan concentrations [90]. Also,
arabinoxylo-oligosaccharides (AXOS) show increased interest due to their prebiotic
potential as reviewed by Broekaert et al [91]. AXOS are produced by the degradation of
arabinoxylan resulting in linear chains of B(1-4)-linked xylan units substituted with a-L-
arabinofuranose units via a a(1-2) and/or a(1-3)-linkage [92]. Arabinoxylan is highly
abundant in cell walls of cereal bran, which is a by-product of the milling process [93].

The cell walls of cereal bran also contain B-glucans, which prebiotic activity is widely studied
[94]. Cereal B-glucans are linear B(1-3)- and B(1-4)-linked glucose polysaccharides. Other
plant-based NDCs which have received considerable interest are isomalto/malto-
polysaccharides (IMMP) and isomalto-oligosaccharide (IMO) preparations, which are
enzymatically produced from potato starch [95,96]. IMMPs are polysaccharides composed
of mainly a(1-4)- and a(1-6)-linked glucose moieties [97], whereas an IMO preparation is a
highly complex mixture of a-gluco-oligosaccharides varying in the type of glycosidic linkages
and size [98].

Prebiotic effects of the potential plant-based NDCs for supplementation of infant formula
seem to be highly dependent on the chemical structure of the oligosaccharides [99-101].
Further studies need to be carried out to establish the structure-specific prebiotic and
immune effects. Knowledge on the utilization pathways of currently applied and alternative
NDCs by infant gut bacteria and consequent immune effects will pave the way for the design
of novel NDCs (mixtures).

Fate of NDCs in the infant gut

To learn more about the structure-specific prebiotic and immune effects of NDCs in infants
it would be most ideal to have direct access to the digesta in different segments of the infant
gut. However, due to practical and ethical issues this is basically impossible. Both in vivo
animal models and in vitro fermentation models can be used to overcome this limitation.

In vivo animal models

In vivo animal models allow us to study the interaction between the host and microbiota.
Rodents are often used as animal model as they have a short life cycle, are easy to keep and
have high reproductive rates [102]. Nonetheless, the microbiota composition is significantly
different between rodents and humans, in particular with respect to the abundance of
Bifidobacterium [103]. This could be solved by infant faecal transplantation to germ-free
rodents [104]. However, it remains challenging to translate results to the infant situation as
the anatomy of the intestinal tract and intestinal transit time differ between infants and
rodents [105]. Due to these differences, the fermentation of NDCs takes place in different
segments of the intestine; in the colon and cecum for respectively humans and rodents.

11
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Additionally, rodents practice coprophagy, which highly affects the microbiota composition
in the first segment of the colon [104].

Piglets are also commonly used as animal model for human intestinal studies as they show
more physiological and anatomical similarities with humans. For example, digesta transit
times and mechanisms of digestion and absorption in the gut are comparable between pigs
and humans [106]. Nevertheless, drawbacks of piglets as animal model are longer
reproductive cycles and increased costs of husbandry and maintenance compared to
rodents [107]. In addition, animal models require large amounts of NDCs thereby hindering
the study of highly tailored novel NDCs, which are only produced at small scale.

In vitro fermentation models

In vitro fermentation models form a reasonable alternative to study the fate of NDCs in the
infant gut as they are more cost-efficient, high-throughput and do not require ethical
approval. In contrast to in vivo animal models, commonly used in vitro fermentation models
do not consider the interaction between microbiota and host. Therefore, separate immune
assays with intact NDCs and fermentation digesta are necessary to study the immune
effects of NDCs. A benefit of this approach is the ability to differentiate between direct and
microbiota-dependent immune effects, which is highly challenging in in vivo models [108].
In vitro fermentation models can be divided into continuous and static models. Continuous
models are highly dynamic and the physiological conditions are closely related to the human
intestine. Long-term effects of NDCs in different segments of the intestine can also be
studied [108]. The models are classified as multistage or single-stage continuous
fermentation models. The multistage fermentation models typically consist of multiple pH-
controlled vessels, which are aligned in series and mimic the different segments of the
intestine. Continuous replenishment of nutrients is ensured by peristaltic pumps connecting
the neighbouring vessels. The SHIME model is an example of a commonly applied multistage
continuous fermentation model [109].

Single-stage fermentation models generally simulate the conditions and metabolic activity
of the proximal colon. A well-known example is the TIM-2 model, which even mimics the
peristaltic movements in the colon via a flexible membrane. An additional benefit is the
presence of a dialysis system which prevents the accumulation of microbial metabolites in
the compartment. This extensively prolongs the maximum experiment duration as the
microbiota remain active up to 3 weeks [110].

Recently, significant progress has been made in the development of continuous
fermentation models which also take into account host-gut microbiota interactions. The
multistage SHIME model has for example been connected to the Host-Microbiota
Interaction (HMI) module, which is composed of a luminal and host compartment
containing gut bacteria and enterocytes respectively. The two compartments are separated
by a semi-permeable membrane and an artificial mucus layer, which enables studying the
effect of NDCs on luminal and mucosa-associated microbiota and consequent effects on
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enterocytes [111]. However, the method extensions further increase the complexity of the
continuous fermentation models, which makes them even less suitable for screening
purposes. In addition, continuous fermentation models are generally highly labour intensive
as exemplified by an extensive stabilization period of two weeks required prior to the actual
fermentation experiment in the SHIME model [112]. Furthermore, due to their high volume
continuous models require substantial amounts of substrate [112].

Static fermentation models are less complex and labour intensive than continuous
fermentation models. They are composed of one compartment, typically represented by a
controlled reactor or sealed bottle. The compartment is operated under anoxic conditions
and contains faecal inoculum, medium with nutrients and the NDC to be studied. Due to
substrate depletion and accumulation of end-products in the compartment, the model is
only applicable for short-term fermentations. Nevertheless, easy handling and low costs
make it a highly suitable model for screening purposes related to fermentability of NDCs
and the production of microbial metabolites formed upon fermentation [113].

Inoculation of in vitro fermentation models

Typically, in vitro fermentation models are inoculated with liquid faecal suspensions from
single donors [114]. Due to high inter- and intra-individual variability in microbiota
composition [115], separate in vitro experiments with faecal inoculum of multiple donors
have to be performed to ensure biological replication [114]. To avoid high costs and
workload, faecal material of multiple donors can be pooled and used as inoculum. It should
be taken into account that intermicrobial interactions could occur which would not have
taken place in case of in vitro fermentations with single faecal material of the individual
donors [114]. Nonetheless, previous research showed that for an in vitro adult fermentation
model, pooled faecal inoculum resulted in a comparable bacterial activity as found for the
individual faecal inocula [116]. An alternative solution for reproducibility of in vitro
fermentation experiments is the inoculation with prevalent bacterial isolates or defined
populations of gut bacteria [117,118]. However, such approaches may ignore the importance
of cross-feeding networks [119-121].

Characterization of NDCs and their fermentation degradation products

Structural elucidation of the NDCs and their degradation products is of utmost importance
to determine structure-specificimmune effects of NDCs. NDCs are commonly characterized
by highly complex mixtures consisting of many oligosaccharides varying in degree of
polymerization, type of linkage and monomer composition. The large number of isomers
makes the characterization of NDCs rather challenging. Several techniques have been
reported to tackle this challenge.
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Chromatographic techniques

Liquid chromatography (LC) is commonly used for the separation and characterization of
oligosaccharides. This technique is based on the difference in affinity of the analyte
between the stationary and mobile phase [122]. High-performance anion-exchange
chromatography (HPAEC) coupled to a pulsed amperometric detector (PAD) is often applied
for the characterisation of GOS and FOS [123,124]. The oligosaccharides are separated based
on charge and size by the anion-exchange stationary phase which is operated under alkaline
conditions. A drawback of HPAEC-PAD is the fact that reference components are necessary
for structural elucidation, as PAD does not provide structural information [123].

LC techniques can be coupled to mass spectrometric (MS) techniques to provide good
separation as well as structural information. Some studies have reported on the use of
HPAEC-MS for the characterization of oligosaccharides [125,126]. However, the alkaline
eluents used in HPAEC are not easily compatible with MS and give rise to some challenges
in set-up of the equipment including in-line desalting [125].

Ultra-high performance liquid chromatography (UHPLC) is more compatible with MS and
has been commonly applied in oligosaccharide analysis with stationary phases based on
hydrophilic interaction (HILIC) [75,127] and porous graphitic carbon (PGC) chromatography
[49,128]. PGC chromatography showed to provide a more adequate separation of HMOs
compared to HILIC [49,50,127]. This can be explained by the retention mechanism of PGC,
which is based on the size, type of linkage and resulting 3D-structure of the oligosaccharides
[129]. The chromatographic resolution of PGC even results in the partial separation of a- and
B- anomers. The occurrence of such split- or double peaks can be avoided by reduction of
the reducing end group of the oligomers prior to analysis [130].

Mass spectrometric techniques

Mass spectrometric techniques allow the determination of the molecular weight, as well as
structural elucidation depending on the technique used. In short, oligosaccharides are
ionized after which they are separated and detected based on their mass-to-charge (m/z).
Most frequently used ionization techniques are matrix assisted laser desorption/ionization
(MALDI) [131] and electrospray ionization (ESI) [132]. MALDI does not provide structural
elucidation of oligosaccharides as spectra interpretation becomes quite complex due to the
presence of different isomers [133]. UHPLC-ESI-MS overcomes this limitation as the
ionization is preceded by the chromatographic separation of the different isomers present.
This technique has been applied in several studies to touch upon the complexity of NDCs
[75,134,135].

To enable the structural elucidation of the oligosaccharides, the ions are fragmented to
generate structurally informative productions [136]. For collision induced dissociation (CID)
of negative ions specific pathways have been reported that define structural features of
oligosaccharides. These pathways for example enable the determination of (1-4)- and (1-6)-
linkages present in oligosaccharides [137,138]. However, complete characterization of
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oligosaccharides by MS? fragmentation is still highly challenging due to the presence of
many isomers differing in type of linkage, monomer composition or anomeric configuration
[136]. The symmetric nature of many NDCs hinders the distinction between product ions
containing a reducing and non-reducing end. Reduction of the reducing end prior to analysis
overcomes this issue [139].

Other techniques for the characterization of NDCs

Nuclear magnetic resonance (NMR) analysis proves valuable for the conclusive
characterization of oligosaccharides [140]. Nonetheless, this technique favours extensive
preparative techniques to obtain rather pure compounds prior to structural analysis [141].
Another analytical tool with high sensitivity for oligosaccharides is capillary electrophoresis
with laser induced fluorescent detection (CE-LIF), preceded by the labelling of
oligosaccharides with the fluorescent dye 9-aminopyrene-1,4,6-trisulfonate (APTS). The
retention mechanism of CE-LIF is based on the charge-to-mass ratio of the oligosaccharides
[142,143]. Non-reducing oligosaccharides are not labelled and consequently not analysed.
Additionally, this method requires the use of reference components for structural
elucidation [142]. Coupling of CE with MS could overcome part of these limitations, but
poses some technological challenges [144].

Fermentability and microbiota-dependent immune effects of NDCs

From a variety of studies it is now well established that NDCs can exert immune effects
through their direct interaction with receptors on immune cells in the gut [145-147]. Next to
the immune cells, the NDCs face the microbiota while travelling through the gut. The
fermentation of the NDCs by the gut bacteria results in fermentation products which also
could impact the immune environment as stated before for HMOs [56-60]. In vitro
fermentation studies can provide mechanistic insights into these process as they allow
dynamic sampling over time. So far, however, no study has investigated both the
fermentation of the NDCs and the subsequent immune effects in infants. Instead, most
studies only focus on the impact of the fermentation of NDCs on the microbiota
composition and SCFAs production. In addition, the in vitro fermentations are commonly
performed with adult faecal microbiota [80,148-150], which hinders the translation of the
results to the infant situation due to large differences in microbiota composition between
adults and infants [151].

Some studies used individual bacterial strains isolated from infant faeces to ferment NDCs
(Table 1). Overall, FOS and GOS induced the growth of all individual Bifidobacterium species
included in these studies, whereas inulin and long-chain inulin only induced minor growth
of Bifidobacterium or resulted in no growth at all [152, 158, 159]. The study of Rada et al [152]
also showed an increase in growth of Clostridium species by inulin, FOS and GOS. However,
it is difficult to translate these results to complex communities present in the gut as
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interspecies competition and cooperation is ignored in studies using individual bacterial
strains [153].

The use of infant faeces as inoculum in in vitro studies provides a more relevant
representation of the infant gut microbiota and has only been applied in a limited number
of studies (Table 2). These studies reinforce part of the findings obtained with individual
bacterial strains as fermentation of oligosaccharides such as GOS and FOS resulted in a
higher abundance of Bifidobacterium than polysaccharides such as inulin [154-156].
However, these studies also showed that individual bacterial strains do not allow the
prediction of the fermentation behaviour of that strain in a complex bacterial community.
For example, Clostridium was not at all or less stimulated by the NDCs in the presence of
other bacterial species compared to its single culture [157], presumably caused by
interspecies competition.

Surprisingly, none of the studies provided in-depth structural information of the NDCs. In
most studies the structural information was limited to a class and brand name, without
almost any information on oligosaccharide structure and composition. None of the studies
considered the actual utilization of the (individual) NDCs to determine if specific
components were preferentially chosen by the faecal bacteria. As a result, it is not possible
to draw any conclusions on structure-specific fermentability of NDCs by infant faecal
microbiota.

Table 1 Overview of in vitro studies on fermentation of NDCs using individual bacterial strains
isolated from infant faeces in static models. Data on the structure of the NDCs, the degradation
kinetics, changes in microbiota composition and production of SCFAs are indicated as available in
the corresponding reference.

study characteristics loutcomes
NDC brand _structur_al degradqﬁon Bif. other bacteria SCFAs immune ref.
information kinetics effects
Inulin Frutafit - - 4 Clostridium ttt - - [152]
FOS Raftilose P85 - - t44 Clostridium 4t - - [152]
FOS Raftilose P95 - - t4  Clostridium t¢ - - [152]
GOs Vivinal - - t4t Clostridium % - - [152]
FOS Actilight 950P DP 2-3 - 1t n/a - - [158]
IcFOS Raftiline HP DP 10-60 - ) n/a - - [158]
FOS Raftilose P95 DP 2-10 - t1 n/a - - [158]
FOS Orafti P95 DP 2-10, average DP4 - t n/a - - [159]
IcFOS Orafti HP DP 11-60, average DP 25 - X n/a - - [159]
GOS TOS-100 DP 3-7 - 1 n/a - - [159]
X: no growth t} :increase or decrease, compared to NDCs tested in same study

-: not determined  Bif.: Bifidobacterium
nfa: not applicable
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Chapter 1

Thesis outline

To date minor knowledge is available on structure-specific fermentability and consequent
immune effects of NDCs in infants. Hence, the aim of this thesis was firstly, to get more
understanding of the structural complexity of several NDCs. Secondly, by applying this
knowledge we aimed to determine the structure-specific fermentability of NDCs by infant
microbiota. Finally, it was intended to determine if and how the fermentation of the NDCs
influences their immunomodulating properties. Chapter 2 describes and validates the use
of pooled infant faecal inoculum in in vitro fermentation experiments for high-throughput
screening purposes of the fermentability of novel NDCs. The validated in vitro fermentation
set-up was used to study the fermentation of several NDCs by faecal microbiota of 2- and
8-week-old infants, which is discussed in following chapters. Chapter 3 focuses on the
fermentability of two types of fructans differing in size, as well as the impact of the
fermentation on the microbiota composition and the organic acid production. In addition,
the effects of the fermentation digesta on the cytokine production by dendritic cells are
discussed. The same applies to native and endo-1,3(4)-B-glucanase-treated oat B-glucan,
for which the fermentation characteristics and immunomodulating properties are
presented and discussed in Chapter 4. The same chapter describes the effect of the
fermentation digesta on the activation of Dectin-1 receptors, important B-glucan binding
receptors present on dendritic cells. Chapter 5 demonstrates the developed
characterisation method of GOS being based on UHPLC-PGC-MS, which enables us to study
the fate of individual oligomers present in complex NDC mixtures during fermentation by
infant faecal microbiota. In Chapter 6, the results obtained in this research are discussed
and compared alongside some first results concerning the fermentability and immune
effects of GOS, the IMO preparation and isomalto/malto-polysaccharides. In the same
chapter, the implications of our results for future research on the humanization of infant
formula are discussed.
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Pooled faecal inoculum can predict infant fibre fermentability
despite high inter-individual variability of microbiota
composition

Abstract

Infants are known for their high inter-individual variability in gut microbiota composition in
the first months of life. This poses difficulties when predicting the fate of non-digestible
carbohydrates (NDCs) in the infant gut using in vitro models, since numerous experiments
with individual faecal inocula of different infants are required. In this study an in vitro
fermentation experiment was performed with galacto-oligosaccharides (GOS) using both
individual and pooled faecal inocula of five two-week-old infants. It was shown that pooled
faecal inoculum can be used to judge the fermentability of GOS, as a similar trend in total
organic acid production and relative increase in Bifidobacterium was observed for the
pooled faecal inoculum and four out of five individual faecal inocula. An additional
fermentation using pooled faecal inoculum of five other infants of the same age confirmed
these findings. Additionally, we provided evidence for both size- and isomer-specific
fermentation of GOS by infant microbiota, which reveals the potential for the production of
tailored NDC mixtures to meet the needs of specific subgroups of infants. Hence, the use of
pooled faecal inocula contributes to increasing our knowledge on structure-specific effects
of NDCs in infants efficiently.

Logtenberg, M.J.; Vink, J.C.M.; Serierse, R.M.; An, R.; Hermes, G.D.A.; Smidt, H.; Schols, H.A,,
2020, In press: Bioactive Carbohydrates and Dietary Fibre.
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Introduction

There is a growing body of literature that recognizes the link between early life gut microbial
dynamics and infant’s health [1]. Recent research suggests various associations between the
likelihood of developing metabolic or inflammatory diseases in later life and the abundance
of specific bacteria [2] [3].

In general clear evidence was found for the colonization upon birth by facultative anaerobic
bacteria, which reduce the oxygen levels and in this way promote further colonization by
strictly anaerobic microorganisms [4]. Principally, during the first days after birth, members
of the Proteobacteria predominate, after which members of the Clostridia and
bifidobacteria become more prominent [4]. Additionally, in the first months of life large
inter-individual variation in microbiota composition and dynamics between infants has
been observed. These differences are to a large extent caused by the mode of delivery,
gestational age at birth, the infant feeding mode, maternal diet, environment and host
genetics [5]. Furthermore also large intra-individual differences exist during the first weeks
after birth, as the infant microbiota is highly dynamic with more stable periods alternated
with complete shifts in composition caused by e.g. fever, antibiotic therapy or changes in
diet [5].

Diet shapes the infant microbiota and can prevent future health complaints. Previous
research comparing the microbiota composition of formula- and breast-fed infants revealed
profound differences caused by the presence of a complex mixture of human milk
oligosaccharides (HMOs) in breast milk [6]. HMOs are resistant to digestion in the small
intestine and serve as a prebiotic in the large intestine [7]. Furthermore, HMOs have been
shown to support the maturation of the gut barrier by promoting the differentiation of
enterocytes [8]. To mimic the effects of HMOs, non-digestible carbohydrates (NDCs) can be
added to cow’s milk-based infant formulas. However, very little is known about the relation
between specific HMOs and NDCs and the effect on the infant gut microbiota. Studies up to
now have mainly focused on in vitro fermentation experiments with prevalent bacterial
isolates. Such approaches ignore the importance of cross-feeding networks [9-11]. However,
the high inter-individual variability in microbiota composition requires in vitro experiments
with individual faecal inocula of around ten infants, which makes the study of several
structurally different NDCs laborious and costly [12]. An alternative approach could be the
use of pooled infant faecal inoculum, which consists of the faecal material of multiple
infants. In previous research the use of pooled faecal inoculum has already been validated
for adults who generally show a more stable faecal microbiota composition than infants.
The pooled adult faecal inoculum resulted in a comparable bacterial activity as the
individual faecal inocula [13].

The objective of this study was to determine whether pooled infant faecal inoculum can be
used as an alternative for individual infant faecal inoculum leading to a more efficient
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screening of the fermentability of NDCs. In vitro fermentations were performed with
galacto-oligosaccharides (GOS) as carbohydrate source using both individual and pooled
faecal inocula of two-week-old infants. The microbiota composition and production of
organic acids were followed in time, as well as the fate of individual GOS compounds using
LC-MS, which showed us that pooled faecal inoculum can be used to judge the
fermentability of GOS and potentially also other NDCs.

Materials and Methods

Materials

Purified Vivinal GOS (degree of polymerization (DP) 1 and 2 partly removed) was kindly
provided by Friesland Campina DOMO (Borculo, The Netherlands). An overview of the
complexity of the Vivinal GOS mixture with the isomers present per DP is shown in Figure
1. Relative abundance of different DPs in purified Vivinal GOS was as follows: DP1, 2.5%;
DP2,10.9%, DP3, 46.2%, DP4, 25.4%, DP5, 9.6%, DP6, 3.7%, DP>7, 1.7%. GOS DP3 standards
B-3-Galactosyl-lactose, B-4-Galactosyl-lactose and B-6-Galactosyl-lactose were purchased
from Carbosynth (Berkshire, UK).
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Figure 1 UHPLC-PGC-MS profile of total reduced GOS and of DP 3-6 after selection of the
appropriate m/z for that DP. Elution profiles were normalized to the real contribution of each DP to
the total mixture.

Fermentation of GOS by infant faecal inoculum

Culture medium

Standard ileal efflux medium (SIEM; Tritium Microbiology, Veldhoven, The Netherlands)
was prepared as described elsewhere with minor modifications [14]. Low amount of
carbohydrates was added to mimic the infant ileal environment while minimizing
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background fermentation. The carbohydrate medium component contained (g/L): pectin,
12; xylan, 12; arabinogalactan, 12; amylopectin, 12; and starch, 12 with a final concentration
of only 0.24 g/L).The pH was adjusted to 5.8 using MES buffer.

2.2.2 Infants and infant faecal inoculum

Ten two-week-old infants were included in the current study. The solely breast-fed infants
were born vaginally and did not show any health complaints. These infants did not receive
antibiotic treatment in the first 2 weeks of life. Faecal inoculum was prepared as reported
elsewhere with some minor modifications [15]. Parents collected faecal material from the
diaper of two-week-old infants directly after defecation. Faecal material was immediately
transferred to tubes and stored at -20 degrees. Afterwards tubes were stored at -80
degrees.

After thawing, faecal material (x 100 mg) was diluted with 6 mL sterilized 0.9% (w/v) NaCl
solution in a laminar flow cabinet. In case of pooled faecal inocula, faecal material of five
infants (5x 100 mg) was combined and diluted to obtain a similar final concentration. An
additional pool containing faecal material of five other infants was included in this study to
determine reproducibility. The ten infants were randomly divided over the 2 pools.
Homogenization was performed by the addition of sterile glass beads prior to shaking using
a vortex.

The following steps were performed in an anaerobic chamber (gas phase: 81% N,, 15% CO,
and 4% H,). Faecal solutions were combined with SIEM medium in a ratio of 5:82 (v/v) in a
sterile 20 mL serum bottle. The bottle was closed with a rubber stopper and secured with a
metal crimp cap. The final faecal inoculum adapted to the new environment by overnight
incubation in an incubator shaker (Innova 40, New Brunswick Scientific, Nijmegen, The
Netherlands) (37 °C, 100 rpm) [16].

In vitro fermentation

The in vitro fermentation was performed in an anaerobic chamber. Activated faecal
inoculum was combined with SIEM medium containing GOS (11.1 mg/ml) in sterile serum
bottles in a ratio of 1:10 (v/v). Serum bottles were closed with a rubber stopper and secured
with a metal crimp cap. Afterwards they were placed in an incubator shaker (Innova 40)(37
°C, 100 rpm). At the start and after 6, 12, 24, 34 and 48 h, three aliquots of each 70 pul were
taken from the serum bottle with a syringe and put into separate tubes. One series of
samples was immediately frozen in liquid nitrogen and stored at -80 °C to preserve the
samples for later microbial analysis. The remaining two series were heated for 5 min in a
boiling water bath to inactivate the enzymes. Subsequently they were stored at -20 °C until
further analysis.

In vitro fermentations were performed in duplicate and blanks without faecal inoculum or
substrate were included to monitor possible contamination of the substrate or background
fermentation over time. Data on the fermentation of infant 5 after 12 h is missing due to a
broken serum bottle.
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Fate of GOS upon fermentation

GOS pre-treatment before analysis

Prior to analysis fermentation samples were reduced to avoid anomerisation of
oligosaccharides. Freshly prepared 0.5 M sodium borohydride (NaBH,) in water was added
to 10 times diluted fermentation samples in a ratio of 1:1 (v/v) with a final volume of 400
pl. Samples were incubated overnight at room temperature.

Solid phase extraction (SPE) was applied to remove salts in order to purify the reduced
fermentation samples. First cartridges (Carbograph, Supelclean ENVI carb, bed weight: 250
mg; Sigma Aldrich) were activated with 1.5 ml of 80:20 (v/v) ACN/H,0 containing 0.1% (v/v)
TFA, followed by 1.5 ml H,0 (Milli-Q). The reduced sample was loaded on the column, after
which the column was washed 4 times with 1.5 mL H,0 (Milli-Q). Subsequently reduced GOS
were eluted with 1.5 mL of 40:60 (v/v) ACN/H,0 containing 0.05% (v/v) TFA. Eluted reduced
GOS were dried under nitrogen gas, solubilized in 400 ul of H,O (ULC-MS grade) and
centrifuged (5 min, 15 000g).

Characterization of GOS by UHPLC-PGC-MS

Reduced GOS were analysed on an Accela Ultra High Liquid Chromatography (UHPLC)
system (Thermo Scientific, San Jose, CA, USA). The system was equipped with
pump and autosampler. Samples (5 pl) were injected on a porous graphitic carbon (PGC)
column (3 um particle size, 2.1 mm x 100 mm; Hypercarb, Thermo Scientific) in combination
with a guard column (3 um particle size, 2 mm x 10 mm; Hypercarb, Thermo Scientific).

As mobile phase A: ULC-MS water + 0.1% (v/v) formic acid + 1% (v/v) ACN was used. Mobile
phase B consisted of ACN + 0.1% (v/v) formic acid. The flow rate was 300 uL/min. The
solvents were eluted according to the following profile: 0-3.3 min, 3% B; 3.3-8 min, 3-10% B;
8-20 min, 10-20% B; 20-26.7 min, 20-40% B; 26.7-27.5 min, 40-100% B; 27.5-37.5 min, 100%
B; 37.5-38.5 min, 100-3% B; 38.5-43.5 min, 3% B. The temperature of the autosampler and
column oven was controlled at 10 and 45 °C, respectively. Needle wash solvent containing
3% ACN was used to wash the autosampler.

To obtain mass spectrometric (MS) data, the flow of the UHPLC was directed to
a Thermo Scientific LTQ-Velos Pro equipped with an electrospray ionisation (ESI) probe.
Helium and nitrogen were used as sheath and auxiliary gas, respectively. The MS settings
were set to a source voltage of 3.5 kV, a source heater temperature of 225 °C, a capillary
temperature of 350°C, a sheath gas flow of 38 and an auxiliary gas flow of 11.

MS data in negative mode were collected over an m/z range of 300-2000. Data dependent
MS? analysis was performed with a normalized collision energy of 30%, activation Q of 0.25,
activation time of 30 ms and isolation width of m/z 2. MS? fragmentation was performed on
the 1t and 2" most abundant ion in the MS chromatogram from a parent list containing
my/z of both unreduced and reduced GOS.

DP3 standards B-3-Galactosyl-lactose, B-4-Galactosyl-lactose and B-6-Galactosyl-lactose
were used for the identification of GOS isomers. Vivinal GOS was used in a concentration of
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0.005-1 mg/ml to create calibration curves per DP. GOS DPs were quantified by selection of
the specific mass range followed by integration of the peaks. Data acquisition and
processing were performed using Xcalibur (version 2.2, Thermo Scientific).

Production of SCFAs and other organic acids

In order to quantify the production of volatile SCFAs fermentation samples were analysed
using gas chromatography (GC). Fermentation samples were 10x diluted with water (ULC-
MS grade). Standards containing acetic acid, butyric acid and propionic acid in
concentration range 0.01-3 mg/mL were also included in the analysis. Standards and diluted
fermentation samples were mixed in a ratio of 2:1 (v/v) with a solution containing HCI
(0.3M), oxalic acid (0.09M) and the internal standard 2-ethyl butyric acid (0.45 mg/mL). The
mixture was kept for 30 min at room temperature and afterwards centrifuged (5 min, 15
000g).

Samples (1 pul) were injected in a CP-FFAP CB column (25m x 0.53 mm x 1.00 um) (Agilent
Technologies, Santa Clara, CA, USA). The temperature profile during GC analysis was as
follows: 100 °C, maintained for 0.5 min; raised to 180 °C at 8 °C/min, maintained for 1 min;
raised to 200 °C at 20 °C/min, maintained for 5 min. Glass wool was inserted in the glass
liner of the split injection port to protect the column from contamination [17]. Obtained data
were integrated using Xcalibur software (Thermo Scientific).

Organic acids were analysed using high-performance liquid chromatography (HPLC) on an
Organic Acid column as described elsewhere [18]. Besides 10x diluted fermentation samples,
standards of lactic and succinic acid in a concentration range of 0.01-1 mg/mL were included
in the analysis. Obtained data were integrated using Chromeleon 7.0 (Thermo Scientific).

Microbial composition analysis

DNA extraction

DNA was extracted from fermentation samples using repeated bead beating. Briefly each
fermentation sample (70 pl) was added to a sterilized screwed cap tube containing 0.25
grams of zirconia beads and 3 glass beads (2.5 mm). After the addition of 300 ul Stool
Transport and Recovery Buffer (STAR; Roche Diagnostics Corporation, Indianapolis, IN), the
samples were treated with a bead beater (room temperature, 5.5 m/s for 3x 1 min)
(Precellys 24, Bertin Technologies) and heated for 15 min (95 °C, 100 rpm). Subsequently
the samples were centrifuged for 5 min (4 °C, 14000g) and supernatants were collected.
Another cycle was performed with the pellet using 200 pl of STAR buffer. Supernatants of
both cycles were combined, and 250 ul was purified using Maxwell 16 Tissue LEV Total RNA
Purification Kit Cartridge (AS1220). DNA was eluted with 50 ul of Nuclease-Free water
(Promega, Wisconsin, USA). Finally, DNA concentrations were determined using a
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA)
and if needed diluted to a concentration of 20 ng/ul with Nuclease-Free water.
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PCR amplification

Microbiota profiling was performed as described previously with some modifications [19].
The V5-V6 region of 16S ribosomal RNA (rRNA) genes was amplified in triplicate PCR
reactions with an uniquely barcoded primer pair F784 (RGGATTAGATACCC) and 1064R
(CGACRRCCATGCANACCT). For samples containing 4.8-7.4, 7.8-12 and 15-20 ng/ul DNA
template respectively 5, 3 or 0.7 pul DNA template was used in each reaction. The samples
were amplified with 0.7 pl of 10 uM stock solutions of the primer pair, 7 ul of 5x HF buffer
(Finnzymes, Vantaa, Finland), 0.7 pl of 10 mM dNTPs (Roche, Diagnostics GmbH, Mannheim,
Germany) and 0.35 pl of 2U/ul Phusion® Hot Start Il High Fidelity DNA Polymerase
(Finnzymes, Vantaa, Finland). Nuclease-free water was added to reach a total reaction
volume of 35 pl. The amplification program included a 30 s initial denaturation step at 98
°C, followed by 25 cycles of denaturation at 98 °C for 10 s, annealing at 42 °C for 10 s,
elongation at 72 °C for 10 s, and a final extension at 72 °C for 7 min. The PCR product
presence and size (=290 bp) was confirmed with gel electrophoresis using the Lonza
FlashGel System (Lonza, Cologne, Germany). Synthetic Mock communities of known
composition were included as positive control [19].

Library preparation and sequencing

PCR products were purified using HighPrep PCR kit (MagBio Genomics, Alphen aan den Rijn,
The Netherlands). Purified amplicons were quantified using Qubit dsDNA BR assay kit (Life
Technologies, Leusden, The Netherlands). Seventy unique barcode tags were used in each
library [19]. An amplicon pool was formed by combining 150 ng of each barcoded sample
and afterwards concentrated to 40 pl volume using the HighPrep PCR kit. The resulting
library was sent for adapter ligation and sequencing on an Illumina Hiseq2500 instrument
(GATC-Biotech, Konstanz, Germany).

Data analysis

Processing and analysis of the 16S rRNA gene sequence data was carried out using the NG-
Tax pipeline and R version 3.5.0 [19].

Beta-diversity was calculated using weighted UniFrac distances based on relative
abundance of bacteria at genus level presentin the fermentation digesta using the functions
tax_glom and ordinate in the phyloseq R package. The output was visualized using Principal
Coordinate Analysis (PCoA) using the function plot_ordination in the phyloseq R package.
The contribution of taxa to the principle coordinates was determined from a PCoA plot of
the taxa based on the same distances using the function plot_ordination (type: taxa) in the
phyloseq R package. Taxa vectors with the extracted x- and y- coordinates were plotted on
the first PCoA plot using the function geom_segment in the ggplot2 R package.

A higher resolution analysis of Bifidobacterium at the level of individual sequences
(Amplicon Sequencing Variants (ASVs)) was performed using the function subset_taxa in
the phyloseq R package. Bifidobacterial ASVs with a relative abundance of less than 0.5% in
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each sample were removed using the functions filterfun and filter_taxa in the genefilter and
phyloseq R package.

Results and discussion

Relative increase in Bifidobacterium upon fermentation of GOS using both individual
and pooled infant faecal inoculum

The responsiveness of the microbiota to NDCs is dependent on the microbiota composition
[20]. As such, it is important to determine the effect of pooling of infant faecal inocula on
the changes in microbiota composition upon fermentation of GOS. Fermentation samples
were analysed with 16S rRNA gene amplicon sequencing followed by Principal Coordinates
Analysis (PCoA) using weighted UniFrac distances (Figure 2). The contribution of most
abundant taxa to PC1 and PC2 is visualized by taxa vectors. Together these taxa comprise
more than 70% of each fermentation sample. Relative abundances of all bacterial taxa

present in the fermentation samples are shown in Figure S1.
PCoA - PC1vs PC2

+ GOS -GOS
X
:’ 0.2 Enterobacteriaceae
(32}
o Enterococcus
Clostridium £ © G
: ‘© Escherichia-Shigella
sensu stricto I'g. 0.0

(5]

= (o]

1]

&

'=-0.2

(]

> i

‘qc'; Bifidobacterium
(=)

2 04 |nffnt

I

o2
o~ ./
& o) z

-0.6 -04 -0.2 0.0 0.2-0.6 -04 -0.2 0.0 0.2 9 |§OO|
PC1 - Percent variation explained 54.1%

Figure 2 PCoA using weighted UniFrac distances of microbiota composition in digesta collected at
the start and after 12 and 24 h of in vitro fermentation with (left) and without (right) GOS using
inoculum of two-week-old infants. Direction of changes in time is presented by arrows in the same
colour. Direction and length of the taxa arrows (black) presents the contribution of selected taxa to
PC1 and PC2.

First of all, it must be stated that initial microbiota composition of the faecal inocula does
not relate to faecal microbiota of two-week-old infants previously reported in literature,
where Bifidobacterium and Bacteroides are present at high levels [21]. Instead, bacteria
belonging to the genera Clostridium, Enterococcus, Shigella and Escherichia and the family
Enterobacteriaceae were found to be present at high relative abundance at the start of the
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fermentation of GOS using the individual and pooled faecal inocula as well as the
background fermentation (Figure 2). Growth of these facultative anaerobic bacteria could
be explained by traces of oxygen still present during the overnight activation of the faecal
inoculum. However, these bacteria were also reported to grow well on peptides and amino
acids, which are present in high abundance in the SIEM medium: bactopeptone (24 g/L),
casein (24 g/L), ox-bile (0.4 g/L) and cysteine (0.16 g/L) [22]. Prior to fermentation faecal
bacteria were activated overnight in SIEM medium, and the microbiota composition
measured suggests the adaptation of the bacteria to the medium constituents [23]. This also
explains why the initial composition of the pooled faecal inoculum does not represent the
average composition of the individual faecal inocula.

However, despite the aberrant initial microbiota composition still a clear compositional shift
was observed upon fermentation of GOS for faecal inocula of infant 1-4 (Figure 2). The shift
was mainly characterized by a relative increase in Bifidobacterium, which is consistent with
data obtained in previous in vitro [24] and in vivo studies [25]. For infant 1 the initial relative
abundance of Bifidobacterium was 2-11% and increased up to 24-29% in 24 h of
fermentation. For faecal inocula of infant 2-4 this was lower than 1.3% at the start of the
fermentation but increased up to 43-68% in 24 h of fermentation of GOS. Differences in
relative increase of Bifidobacterium between individual infant faecal inocula could possibly
be ascribed to differences at the species level, since it has been reported that bifidobacterial
species show different levels of cell reproduction upon fermentation of GOS [26].
Classification of bacteria at species level is hindered by sequence similarity of the 16S rRNA
gene between different species within the same genus [27]. However, a higher resolution
analysis at the level of individual sequences (Amplicon Sequencing Variants (ASVs)) showed
a high variability in bifidobacterial ASVs between the individual faecal inocula suggesting
the presence of multiple bifidobacterial species (Figure S2). No significant changes in the
less abundant bacteria were observed upon fermentation of GOS using individual faecal
inocula of infant 1-4.

In contrast, faecal inoculum of infant 5 did not contain Bifidobacterium and was dominated
by bacteria belonging to the genus Clostridium sensu stricto (Figure 2). After 12 h of
fermentation faecal inoculum of infant 5 even consisted exclusively of bacteria belonging
to this genus. Additionally, the fermentation showed aberrant behaviour after 12 h as
organic acids were not detected and GOS concentrations seemed to increase (Figure 3 and
4). Unfortunately, a missing duplicate fermentation of infant 5 prohibited confirmation of
this outlier.

Clostridium sensu stricto was also present in the initial pooled faecal inoculum at high
relative abundance (79-80%) (Figure 2). Despite the presence of the aberrant faecal
inoculum of infant 5, a clear increase in Bifidobacterium relative abundance was observed
during the fermentation of GOS using pooled faecal inoculum (39-63%). Background
fermentations without the addition of GOS did not show such shift in Bifidobacterium
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relative abundance. These findings indicate the potential of using pooled faecal inoculum
to screen for bifidogenic potential of NDCs, although the microbiota composition of the
pooled infant faecal inoculum does not mimic the microbiota composition of the individual
infant faecal inocula.

Production of SCFAs and other organic acids

Upon the fermentation of GOS, SCFAs and the intermediate fermentation products lactic
and succinic acid were produced by the bacteria, which were analysed by GC and HPLC
(Figure 3). The total amount of organic acids increased to 10.9-14.6 pmol/mg GOS after 48
h of fermentation using individual infant faecal inocula 1-4. Composition of the organic acids
produced during the fermentation differed for the individual infant faecal inocula.
Nevertheless, in all fermentations, acetate was produced at highest abundance followed by
lactate.

Reproducibility was confirmed by duplicate fermentations (Table S1). In addition, both
background fermentations without GOS or inoculum showed hardly any production of
organic acids (Table S2). Taking into account both the organic acid production and the
changes in microbiota composition, it could thus be suggested that the high abundance of
acetate upon fermentation of GOS could be ascribed to a large extent to the growth of
Bifidobacterium, members of which are known as acetate- and lactate- producing bacteria
[28].

Fermentation of GOS using pooled infant faecal inoculum resulted in similar amounts of
organic acids after 48 h as the individual infant faecal inoculum that produced most organic
acids (infant 4), respectively 14.5 and 14.6 umol/mg GOS. Both faecal inoculum of infant 4
and the pool were dominated by Bifidobacterium after 24 h of fermentation, respectively
69% and 63%, while fermentation using faecal inoculum of infant 1 and 3 individually
resulted in a relative abundance of only 27 and 44% respectively. These findings suggest the
overruling effect of Bifidobacterium species of faecal inoculum of infant 4 over other
bacteria within the pool.

In contrast to faecal inoculum of infant 4, pooled faecal inoculum resulted in the production
of minor amounts of butyrate (0.6 pmol/mg) after 24 h of fermentation. Clostridium sensu
stricto is the 2™ most abundant genus-level group in the pool, but is not detected in the
faecal inoculum of infant 4 (Figure 2). Cross-feeding between Bifidobacterium and
Clostridium sensu stricto could have resulted in the minor production of butyrate during
fermentation of GOS using pooled infant faecal inoculum [29].

Notwithstanding the aberrant microbiota and organic acid composition, it can be concluded
that the fermentability of GOS is reflected by the total organic acid production upon
fermentation using pooled infant faecal inoculum.
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Figure 3 Production of organic acids upon in vitro fermentation of GOS using faecal inoculum of
individual infants 1: A, 2: B, 3: C, 4: D, 5: E, and the pool of inocula infant 1-5: F.

Degradation kinetics of GOS

Degradation of GOS was monitored by UHPLC-PGC-MS to determine the effect of pooling
faecal inocula on the degradation capability of individual GOS structures. To visualize the
degradation kinetics of GOS by individual and pooled faecal inocula, both the proportion of
the remaining total GOS mixture and oligomers with different DPs present in the mixture
are shown in Figure 4. Individual inocula showed different speed of degradation of total
GOS, with a slower degradation for individual inocula of infant 2 and 4 (>40% remaining)
and faster degradation for infant 1 and 3 (<25% remaining) after 24 h of fermentation. As
expected, a lower amount of GOS remaining coincided with a higher amount of organic
acids produced (Figure 3 and 4).
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Zooming in on the degradation kinetics at DP level showed a high variability in preference
for specific DPs of GOS between individual infant inocula. For the fermentation using faecal
inocula of infant 2, 3 and 4, oligomers DP<3 were fermented faster than DP4 and DP5
oligomers. Contrarily, DP>6 oligomers were the first to be degraded during the
fermentation using faecal inoculum of infant 1. These differences could be explained by the
DP-specific oligomer utilization of GOS by different species, as exemplified for
Bifidobacterium [26]. Degradation of total GOS was observed to be somewhat faster and
more complete during fermentation using pooled faecal inocula compared to the individual
faecal inocula, i.e. 7% of oligosaccharides were remaining after 48h of fermentation using
pooled inocula, compared to 8-17% for individual inocula 1-4. This finding could be
explained again by the overruling of specific Bifidobacterium species which were able to
utilize GOS most efficiently [26].
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Figure 4 Relative proportion of remaining oligosaccharides from GOS and individual DPs of GOS
during in vitro fermentation using faecal inoculum of individual infants 1: A, 2: B, 3: C,4: D, 5: Eand
the pool: F. Analysis was performed by RP-UHPLC-PGC-MS. Concentrations per DP in the original
GOS mixture were set to 1.0.

Comparison of the degradation kinetics of the individual and pooled faecal inocula reflected
again the dominance of the Bifidobacterium species of the inoculum of infant 4 in the
pooled faecal inoculum. DP3 isomer 2, 11, 12 and 13 were degraded almost completely in
the first 12 h of fermentation by both inocula, whereas these isomers were still present
upon the fermentation of GOS using inocula of infant 1, 2 and 3. Nevertheless, the
degradation of GOS using pooled faecal inoculum was not solely caused by the bacteria
originating from infant 4. The complete degradation of isomer 16 in the first 12 h of
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fermentation using pooled faecal inoculum could for example be ascribed to bacteria
originating from infant 2 (Figure 5).
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Figure 5 UHPLC-PGC-MS profile of reduced GOS with selection of DP3 at the start (solid), after 12
(dotted) and 24 (dashed) h of fermentation using faecal inoculum of individual infants 1: A, 2: B, 3: C,
4: D, 5:E and the pool: F. All elution profiles were normalized to similar intensity.

The results on the degradation kinetics thus highlight again that a pooled faecal inoculum
cannot predict the exact utilization of specific NDC structures by particular species present
in the microbiota of a specific individual. However, fermentation using a pooled faecal
inoculum clearly demonstrates the ability of infant microbiota in general to utilize specific
oligosaccharides and facilitates the efficient screening of the potentially prebiotic NDC
mixtures.
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Validation of pooled infant faecal inoculum

An additional fermentation using faecal material of 5 other infants of the same age (2
weeks) was performed to validate the use of pooled infant faecal inoculum. Faecal
microbiota of these infants fermented GOS significantly faster than the primary pooled
faecal inoculum described above. After 12 h of fermentation of the validation trial, only 7%
of the total GOS mixture was remaining (Figure S3), while still 60% was remaining for the
primary pooled faecal inoculum. However, similar preference on DP level was observed as
DP2 and DP=6 were fermented first for both pooled faecal inocula (Figure S3). GOS DP 3
was degraded completely between 6 and 12 h of fermentation. As a consequence, no
information on preferential degradation of specific isomers could be obtained from the
digesta taken at the given time points (Figure S4).

Despite the differences in fermentation speed between the two pooled faecal inocula, a
similar increase in Bifidobacterium was observed upon fermentation of GOS (Figure 6). After
24 h 68-74% of the bacteria belonged to the genus Bifidobacterium. The fermentation
coincided with a slightly higher total production of organic acids compared to the primary
pool in this study, respectively 15.0 and 14.5 umol/mg after 24 h of fermentation (Figure
S5). This validation experiment with the pooled inoculum containing faecal material of 5
other infants of the same age thus reinforced that the use of pooled infant faecal inoculum
allows judgement of the fermentability of GOS efficiently.
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Figure 6 Relative abundance of bacteria with highest known taxonomy in duplicate fermentation
digesta collected at the start and after 12 and 24 h of an additional fermentation of GOS using
pooled faecal inoculum of 5 other infants at the same age (2 weeks) for validation with b:
background fermentation (only SIEM medium and inoculum).
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Conclusions

During the last decade several studies have been published on the in vitro fermentation of
GOS by individual bacterial strains, which neglect important cross-feeding relations
between different bacteria. The use of infant faecal inoculum results in a better view on the
actual fate of GOS in the infant gut. However, it introduces some challenges due to high
inter-individual variability of the infant microbiota requiring numerous in vitro experiments
using individual faecal inocula of different infants. In this study it has been shown that
pooled infant faecal inoculum can function as an alternative approach. Our data reinforced
that, despite the divergent microbiota composition, the bacterial functionality of the pooled
faecal inoculum was largely equivalent to that of the individual faecal inocula, as a similar
trend in organic acid production and relative increase in Bifidobacterium was observed
between the pooled faecal inoculum and 4 out of 5 individual faecal inocula. These findings
were confirmed by an additional fermentation using pooled faecal inoculum of 5 other
infants of the same age. The functionality of the pooled faecal inoculum was thus largely
representative of the faecal inocula of the infant population in general and thus suitable for
high throughput screening purposes of the fermentability of novel NDCs.

Additionally, the use of UHPLC-PGC-MS with their excellent separation of oligosaccharide
isomers showed us some first insights on DP and isomer-specific fermentation of GOS by
infant microbiota. Knowledge on the structure-specific effects of GOS and other NDCs could
give potential for the production of tailored NDC mixtures to meet the needs of specific
subgroups of infants. With this perspective in mind the use of pooled faecal inoculum will
help us to move forward in future studies as it will make room for the incorporation of
multiple NDCs in one study. Highly promising NDCs can be selected by in vitro fermentations
using pooled inocula prior to further in vitro and in vivo experiments targeting responses of
individuals. In this way our understanding of structure-specific effects of NDCs on infant
microbiota will be increased efficiently.
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Figure S1 Relative abundance of bacteria with highest known taxonomy in duplicate fermentation
digesta collected at the start and after 12 and 24 h from in vitro fermentation of GOS using faecal
inoculum of 2-week-old infants with b: background fermentation (only SIEM medium and inoculum).
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Figure S2 Composition of bifidobacterial Amplicon Sequencing Variants (ASVs) in fermentation
digesta collected at the start and after 12 and 24 h from in vitro fermentation using individual and
pooled infant faecal inocula with b: background fermentation (only SIEM medium and inoculum).
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Figure S3 Relative proportion of remaining oligosaccharides from GOS and individual DPs of GOS
during an additional in vitro fermentation using pooled faecal inoculum of 5 other infants at the
same age (2 weeks) for validation. Analysis was performed by RP-UHPLC-PGC-MS. Concentrations
per DP in the GOS mixture were set to 1.0.
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Figure S4 UHPLC-PGC-MS profile of reduced GOS with selection of DP3 at the start (solid), after 6
(dotted) and after 12 (dashed) hours of an additional fermentation using pooled faecal inoculum of
5 other infants at the same age (2 weeks) for validation. All elution profiles were normalised to
similar intensity.
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Figure S5 Production of organic acids upon an additional in vitro fermentation of GOS using pooled
faecal inoculum of 5 infants at the same age (2 weeks) for validation.
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Table S1 Production of organic acids upon in vitro fermentation of GOS using individual and pooled
faecal inoculum of infant 1-5, as well as pooled faecal inoculum of 5 other infants at the same age
for validation, with b: biological replicate and -: not found.

infant  timepoint (h) acetate butyrate propionate lactacte succinate
0 0.10 0.03 - - -
oP 0.15 : z . 2
6 1.24 = 0.03 0.11 0.34
1 12 3.21 s 0.05 0.48 0.73
12P 2.36 - 0.04 3 -
24 8.88 5 0.06 1.51 1.21
48 9.48 - 0.06 1.59 1.25
48P 9.10 - 0.08 1.66 1.14
0 0.12 - - 0.12 -
ob 0.10 0.04 0.03 0.10 0.04
6 1.17 - 0.03 0.09 0.29
2 12 2.28 - 0.02 0.16 0.44
120 2.24 - 0.03 0.21 0.45
24 7.61 . 0.03 0.70 0.67
48 10.15 - 0.03 0.54 0.64
48b 11.30 - 0.06 0.40 0.35
0 0.13 - - 0.10 -
ob 0.17 . . S =
6 1.69 = . 0.16 0.15
3 12 3.50 - - 0.22 0.53
12b 3.55 - - 0.22 0.47
24 7.74 0.04 0.03 0.75 0.78
48 9.33 0.05 0.03 0.73 0.76
48P 8.43 : 0.03 0.94 1.06
0 0.13 - - 0.07 0.04
ob 0.14 = . 0.12 0.06
6 1.13 s 0.02 0.09 0.30
4 12 1.49 = 0.02 0.09 0.37
120 2.09 @ 0.03 0.19 0.74
24 8.12 - 0.09 1.11 0.98
48 11.82 = 0.11 1.61 1.04
48P 11.36 = 0.20 1.90 1.11
0 0.19 - - - -
ob 0.12 . - 0.09 )
6 1.07 0.19 - g -
5 12 1.38 0.42 0.03 s )
120 sample missing
24 3 : 2 5 -
48 - = s - -
48P sample missing
0 0.14 - 0.01 0.07 -
ob 0.17 5 - 0.08 -
6 1.45 0.18 0.05 0.07 0.24
Pool: 1-5 12 4.38 0.35 0.06 0.64 0.40
120 3.36 0.35 0.06 0.62 0.48
24 11.01 0.43 0.08 0.90 0.47
48 12.45 0.47 0.09 0.97 0.52
48° 10.68 0.54 0.09 1.91 0.67
0 0.18 - - 0.10 -
ob 0.17 . . 0.10 0.05
6 1.19 - - 0.23 0.15
Pool: other 5 12 8.64 - 0.05 2.78 0.43
12b 8.95 - 0.04 3.34 0.45
24 10.13 = 0.05 3.13 0.49
48 11.02 - 0.05 3.35 0.54
48P 10.57 - 0.06 3.37 0.48
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Table S2 Production of organic acids upon background fermentations including only SIEM medium
and individual or pooled faecal inoculum of infant 1-5, as well as pooled faecal inoculum of 5 other
infants at the same age for validation. *: background fermentation of GOS without inoculum and -:
not found.

infant timepoint (h) acetate  butyrate propionate lactate succinate
0 0.33 0.37 0.19 0.08 0.05
1 12 0.83 - 0.11 0.05 0.35
48 0.98 - 0.37 - 0.43
0 0.10 - - 0.04 -
2 12 0.58 - 0.05 - 0.28
48 0.83 - 0.05 - 0.37
0 0.11 - - 0.08 -
3 12 0.49 - - 0.08 0.16
48 1.65 - - - 0.24
0 0.10 - 0.05 -
4 12 0.71 - 0.06 - 0.39
48 1.41 - 0.88 - -
0 0.12 - - 0.07 -
5 12 sample missing
48 0.94 0.19 0.08 -
0 0.14 - - 0.08 0.03
Pool: 1-5 12 0.89 0.06 0.10 0.06 0.20
48 1.20 0.08 0.62 - -
0 0.12 - 0.02 0.11 0.05
Pool: other5 12 0.79 - 0.09 0.07 0.21
48 1.43 - 0.28 - 0.38
0 0.07 - - 0.13 -
* 12 0.05 - - 0.08 -
48 0.28 - - 0.14 -
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Fermentation of chicory fructo-oligosaccharides and native
inulin by infant faecal microbiota attenuates pro-inflammatory
responses in immature dendritic cells in an infant-age
dependent and fructan-specific way

Abstract

Inulin-type fructans are commonly applied in infant formula to support development of gut
microbiota and immunity. These inulin-type fructans are considered to be fermented by gut
microbiota, but it is unknown how fermentation impacts immune modulating capacity and
whether the process of fermentation is dependent on the infant’s age. We investigated the
in vitro fermentation of chicory fructo-oligosaccharides (FOS) and native inulin using pooled
faecal inocula of 2- and 8-week-old infants. Both inocula primarily utilized the trisaccharides
in FOS, while they almost completely utilized native inulin with degree of polymerization
(DP) 3-8. Faecal microbiota of 8-week-old infants degraded longer chains of native inulin up
to DP 16. This correlated with a higher abundance of Bifidobacterium and higher production
of acetate and lactate after 26 h of fermentation. Fermented FOS and native inulin
attenuated pro-inflammatory cytokines (MCP-1/CCL2, IL-1B, TNFa) produced by immature
dendritic cells (DCs) but profiles and magnitude of attenuation were stronger with native
inulin than with FOS. Our findings demonstrate that fermentation of FOS and native inulin
is dependent on the infant’s age and fructan structure. Fermentation enhances attenuating
effects of pro-inflammatory responses in DCs, which depend mainly on microbial
metabolites formed during fermentation.

Logtenberg, M.J.*; Akkerman, R.*; An, R.; Hermes, G.D.A.; de Haan, B.).; Faas, M.M.;
Zoetendal, E.G.; Schols, H.A.; de Vos, P. Molecular Nutrition and Food Research; 2020; 64:
2000068.

* authors contributed equally
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Introduction

The quality of postnatal nutrition is crucial for health later in life as it is closely intertwined
with the microbial colonization of the intestine and the development of the gastrointestinal
(GI) tract and immune system [1,2]. Exclusive breastfeeding is the gold standard for infants
up to 6 months as recommended by the World Health Organization [3]. Human milk
oligosaccharides (HMOs) are an important component of mother milk, which function as
prebiotics and boost immune development for example by supporting the development of
the gut immune barrier [4,5]. In Europe only approximately 25% of the infants receive
exclusive breastfeeding up to an age of 6 months [6]. There is infant formula available for
infants for which breast milk is not an option. These formula are supplemented with non-
digestible carbohydrates (NDCs) such as galacto-oligosaccharides and inulin to mimic the
health effects offered by HMOs [7,8].

A class of NDCs, commonly used in infant formulas are inulin-type fructans. Inulin-type
fructans are generally isolated from chicory roots and composed of linear chains of B(2-1)-
linked fructose monomers with varying degree of polymerization (DP) [9]. The chains can
have either a glucose (GF series) or fructose (F series) moiety at the reducing end, which
contributes to structural diversity of the inulin-type fructans [9]. Native inulin predominantly
contains the inulin-type GF series DP2-60, while the partial hydrolysis product of inulin
contains a DP2-10 GF and F series and is referred to as fructo-oligosaccharides (FOS -
synonym oligofructose).

In recent years evidence has accumulated for the essence of chain length in immune
modulation by inulin-type fructans [10,11]. Previous in vitro studies demonstrated direct
interaction of inulin-type fructans with immune cells via pattern recognition receptors
(PRRs) [11]. Inulin-type fructans with shorter chains resulted in a more anti-inflammatory
cytokine production than inulin-type fructans with longer chains due to differences in
stimulation of PRRs [11]. Besides the direct interaction, inulin-type fructans can also affect
immune responses via their fermentation by specific bacteria resulting in the production of
e.g. SCFAs [12,13]. However, it is unknown how the fermentation of inulin-type fructans by
infant microbiota impacts their immune modulating capacity and whether specific
structures of the inulin-type fructans influence the fermentability and immune effects.

As fermentation capacity is dependent on the age of infants [14], also the impact on
immunity might be dependent on the age of the infants. The microbial colonization of the
infant gut starts upon birth, when exposure occurs to maternal vaginal and environmental
bacteria [15]. Initially, due to the high concentration of oxygen present in the gut of the new-
born, aerobic and facultative anaerobic bacteria will colonize [15]. These bacteria will
consume oxygen and thereby create a more anaerobic environment in the infant gut
allowing colonization of strict anaerobic bacteria such as clostridia and bifidobacteria [15].
This maturation process most likely influences the utilization of NDCs in the first months of
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life as different sets of enzymes will become available for the degradation of NDCs
depending on the bacteria present in the infant gut [14]. In previous studies a clear
difference in utilization of HMOs was shown between 2- and 8-week-old infants [14]. Hence,
both age groups were included in this study to be able to study the effects of NDCs in this
crucial timeframe of infant microbiota development.

In the present study we investigated the fermentation of chicory FOS and native inulin in an
in vitro fermentation set-up using pooled faecal inoculum of 2- and 8-week-old infants,
whose bacterial functionality was proven to be largely representative of the faecal inocula
of the infant population in general (unpublished data). The ability of the infant faecal
microbiota to degrade FOS and native inulin was studied as well as the production of SCFAs
and the microbiota composition in time. Fermentation digesta at different time points were
incubated with immature dendritic cells derived from the umbilical vein to determine the
effect of the fermentation products on cytokine production by immature dendritic cells.

Material and methods

Materials
Frutalose” OFP (FOS, DP2-10) and Frutafit® IQ (native inulin, DP2-60) were provided by
Sensus (Roosendaal, The Netherlands).

Fermentation of FOS and native inulin by infant faecal inoculum

Culture medium

Standard ileal efflux medium (SIEM; Tritium Microbiology, Veldhoven, The Netherlands)
was prepared as described elsewhere with minor modifications [16]. Low amount of
carbohydrates was added to mimic the infant ileal environment while minimizing
background fermentation. The carbohydrate medium component contained (g/L): pectin,
12; xylan, 12; arabinogalactan, 12; amylopectin, 12; and starch, 12 with a final concentration
of only 0.24 g/L). The pH was adjusted to 5.8 using MES buffer.

Infant faecal inoculum

Faecal samples were collected from 4 exclusively breast-fed and vaginally born infants. The
infants did not receive antibiotic treatment and did not have health issues. At an age of 2
and 8 weeks faecal material was collected from the diaper directly after defecation,
transferred to tubes and stored at -20 °C. After the second collection time point, all samples
were stored at -80 °C.

The inoculum was prepared as reported elsewhere with some minor modifications [17].
After thawing, faecal material of 4 infants were combined (4x 0.1 gram) and diluted in 24
ml sterilized NaCl solution (0.9% (w/v)) in an anaerobic chamber (gas phase: 81% N,, 15%
CO3 and 4% H;) (Bactron 300, Sheldon Manufacturing, Cornelius, USA). Homogenization was
performed by the addition of sterile glass beads prior to thorough mixing (2000 rpm). The
faecal solution was combined with SIEM medium in a ratio of 5:82 (v/v) and used as pooled
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faecal inoculum, whose bacterial functionality was proven to be largely equivalent to that
of the individual faecal inocula (unpublished data).

In vitro fermentation

Fermentations were performed in duplicate in an anaerobic chamber. Faecal inoculum was
combined with SIEM medium containing FOS or native inulin in sterile fermentation flasks
in a ratio of 1:10 (v/v) with a total volume of 54 ml. The final concentration of FOS and native
inulin in the fermentation liquid was 10 mg/ml. The final concentration of SIEM medium
carbohydrates only reached 0.24 mg/ml. Fermentation flasks were closed with a rubber
stopper that is secured with a metal lid to ensure anoxic conditions. Afterwards flasks were
putin an incubator shaker (Innova 40) (37 °C, 100 rpm). At the start and after 14, 20 and 26
h, digesta were collected in triplicate with a syringe. One sample was immediately frozen in
liquid nitrogen and stored at -80 °C to preserve the bacteria for later microbial analysis. Both
other samples were heated for 5 min in a boiling water bath to inactivate enzymes present.
Subsequently they were stored at -20 °C until further analysis.

The following control fermentations were included: (1) inoculum without added FOS and
native inulin to monitor background fermentation, (2) FOS and native inulin without
inoculum to monitor contamination of the substrate. From these latter controls, only native
inulin with SIEM showed some unexpected fermentation after 26 h including inulin
utilization and production of substantial amounts of organic acids. Since a later control
fermentation using the same set-up and substrate did not show any sign of
fermentation/contamination, it was concluded that the contamination of only the inulin
control did not originate from the substrate neither from SIEM. As such, it did not pose any
limitations for this study.

Fate of FOS and native inulin upon fermentation

Degradation of FOS and native inulin during fermentation was analysed by High
Performance Anion Exchange Chromatography (HPAEC). Fermentation samples were
diluted until a concentration of 50 pg/ml and centrifuged (5 min, 15 000g). Ten pl of sample
was injected to an ISC5000 HPLC system (Dionex, Sunnyvale, CA, USA) with a CarboPac PA-
1 column (250 mm x 2 mm ID), a CarboPac PA guard column (25 mm x 2 mm ID) and a
ISC5000 ED detector (Dionex) in the pulsed amperometric detector (PAD) mode. Mobile
phase A (0.1 M sodium hydroxide) and B (1 M sodium acetate in 0.1 M sodium hydroxide)
were used with the following elution profile: 0-25 min, 0-40% B; 25-30 min, 40-100% B; 30-
35 min, washing step with 100% B; 35-35.1 min, 100-0% B; 35.1-50 min, equilibration with
100% A. Flow rate was set at 0.3 ml/min. The data were analysed using Chromeleon 7.0
(Thermo Scientific).

Production of SCFAs and other organic acids upon fermentation
In order to quantify the production of SCFAs and organic acids, fermentation samples were
subjected to GC and HPLC analysis as described elsewhere [18] with minor modifications.
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For GC, fermentation samples (1 mg/ml) were mixed in a 2:1 ratio with a solution containing
HCI (0.3M), oxalic acid (0.09M) and internal standard 2-ethyl butyric acid (0.45 mg/ml). The
mixture was allowed to stand at room temperature for 30 min.

The temperature profile during GC analysis was as follows: 100°C, maintained for 0.5 min;
raised to 180°C at 8°C/min, maintained for 1 min; raised to 200°C at 20°C/min, maintained
for 5 min. Glass wool was inserted in the glass liner of the split injection port to protect the
column from contamination [19].

Microbial composition analysis

DNA extraction

DNA was extracted from fermentation samples using the repeated beat beating method [20]
and afterwards purified using the Maxwell 16 Tissue LEV Total RNA Purification Kit Cartridge
(AS1220).

PCR amplification

Microbiota profiling was performed as described previously with some modifications [21].
The V5V6 region of 16S ribosomal RNA (rRNA) genes was amplified in triplicate PCR
reactions with a unique barcoded primer pair BSF784 (RGGATTAGATACCC) and R1064
(CGACRRCCATGCANACCT). For the t0 samples which contained 1.4-4.6 ng/ul DNA, 10 pl of
DNA template was used in each reaction. For samples with higher DNA concentrations, 0.7
pl of DNA template was used. Two synthetic communities with known composition were
included to evaluate the sequencing performance for reflection of the theoretical
composition [22]. The communities consisted of 55 16S rRNA gene amplicons of phylotypes
associated with the human gut with staggered concentrations typical for the human gut (1)
and with relative abundances between 0.001 and 2.49% (2).

Library preparation and sequencing

PCR products were purified using HighPrep PCR kit (MagBio Genomics, Alphen aan den Rijn,
The Netherlands). Purified amplicons were quantified using Qubit dsDNA BR assay kit (Life
Technologies, Leusden, The Netherlands). Seventy unique barcode tags were used in each
library [22]. Two amplicon pools were formed by combining 200 ng of each barcoded sample
and afterwards concentrated to 50 ul volume using the HighPrep PCR kit. Libraries were
sent for adapter ligation and sequencing on an lllumina Hiseq2500 instrument (GATC-
Biotech, Konstanz, Germany).

Data analysis

Processing and analysis of the 16S rRNA gene amplicon sequencing data was carried out
using the NG-Tax pipeline, with default settings [22] and R version 3.5.0. Amplicon
sequencing variants (ASVs) with a relative abundance below 0.1% were removed. The
threshold for taxonomic assignment was set at 80%.
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Bifidobacteria were analysed at the level of individual sequences (Amplicon Sequencing
Variants (ASVs)). Species information was obtained with NG-Tax 2.0 [23] and SILVA database
release 132 [24]. Tax4Fun2 was used to predict the functional capability of the microbial
communities based on 16S rRNA genes [25]. Output was visualized in a heatmap with relative
abundance of KEGG functional orthologs in the fermentation samples scaled per row and
hierarchical clustering using the Ward.D2 algorithm and Euclidean distances using the
pheatmap R package [26].

UniProt Knowledgebase was used to extract all bacterial genes encoding for p-
fructofuranosidase together with the corresponding taxonomic classification. Afterwards
Bologna Unified Subcellular Component Annotator (BUSCA) was used to predict the
subcellular localization of the enzyme [27].

Quantification of total bacterial 16 rRNA gene copy number

The total bacterial abundance was determined by quantitative PCR (qPCR) analysis of total
16S rRNA genes using the forward primer 5 -GTGSTGCAYGGYYGTCGTCA-3’ and reverse
primer 3’-ACGTCRTCCMCNCCTTCCTC-5" [28]. qPCR amplifications were performed in
triplicate and E. coli was used as standard for quantification. The gPCR reaction mixture
contained 6.25 pl iQ SYBR Green Supermix (Bio-Rad, Hercules, CA, USA), 200 nM forward
and reverse primers, 3.25 pl of Nuclease free water and 2.5 pl of sample DNA (1ng/ul). gPCR
cycling conditions and apparatus were used as described elsewhere with a minor
modification as an annealing temperature of 52 °C was used instead of 56 °C [29].

Stimulation of DCs with FOS and native inulin fermentation samples

Cell culture and stimulation

DCs generated from umbilical cord blood CD34* progenitor cells (hematopoietic stem cells)
were purchased from MatTek Corporation (Ashland, MA, USA). DCs were freshly thawed
and seeded into 96-well plates at a density of 70x10* cells/well and cultured under normal
conditions (37 °C, 21% O, and 5% CO;) for 24 h according to manufacturer’s instructions.
After 24 h of culturing, cells were attached and medium could be replaced. To stimulate DCs
with fermentation products of the in vitro fermentation of FOS and native inulin using infant
faecal inoculum, bacteria were removed from the fermentation samples by centrifugation
(10 min, RT, 12000g). Subsequently supernatants were filtered through a 0.2 um filter and
diluted in DC-MM culture medium (MatTek Corporation, Ashland, MA, USA) containing
Polymyxin-B (50 ng/ml) (Invivogen) at a ratio of 1:10. The pH was set at 7.4 by the addition
of 2N NaOH. DCs were then incubated with 200 pl/well medium containing 20 pl of
fermentation samples for 48 h. After incubation supernatants were collected and stored at
-20 °C until further analysis. All experiments were repeated 6 times.
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Assessment of cytokine expression

A magnetic Luminex® Assay (R&D systems, Bio-Techne, Minneapolis, USA) was used to
measure the levels of MCP-1/CCL2, MIP-1a/CCL3, IL-1B, IL-6, IL-10 and TNFa in the DC
supernatant. The assay was performed according to manufacturer’s protocol. Briefly,
cytokine standards were resuspended and serial dilutions were prepared. Antibody
magnetic bead mix was added to a 96-well plate. Standards and samples were added and
incubated overnight at 4 °C while shaking. After washing the plate 3 times, detection
antibodies were added and the plate was incubated for 30 min at RT while shaking. After
incubation, the plate was washed again and incubated with streptavidin-PE for 30 min at RT
while shaking. Finally, the plate was washed again and 100 pl of wash buffer was added to
each well. Subsequently, the plate was analysed using a Luminex 200 System. The data
obtained was analysed using the Luminex xPONENT software.

Statistical analysis

All statistical tests were performed using Prism 8 software (GraphPad, San Diego, CA, USA).
Outliers were removed after testing using a Grubbs outlier test (alpha = 0.05). Data are
shown as averages and error bars represent standard error of the means. Data was
distributed normally and analysed using a mixed-effects model (REML) to test for
differences between the 2- and 8- weeks groups, followed by a Tukey’s multiple
comparisons test, to test if the fermentation samples of either 14h or 26h could induce
significantly higher cytokine responses than their corresponding Oh sample. We also
compared the induced cytokine responses by the FOS and native inulin samples at the
different time points to their corresponding blank samples.

Results

DP and structure-specific utilization of FOS and native inulin by faecal microbiota of 2-
and 8-week-old infants

As it has been shown that faecal microbiota of 2- and 8-week-old infants have a different
composition and consequently a different expression of carbohydrate degrading enzymes
[14], their ability to ferment FOS (DP2-10) and native inulin (DP2-60) were compared. During
in vitro fermentation, samples were collected and analysed with HPAEC to follow the fate
of the NDCs. A detailed overview of remaining DP after fermentation of FOS and native
inulin is shown in Figure S1.

Faecal microbiota of both 2- and 8-week-old infants were able to ferment the trisaccharides
with either a terminal fructose or glucose moiety (F and GF series) present in FOS, although
8-week-old infants did this at a higher rate (Figure 1). The fermentation was limited to these
DP3 oligomers during the first 14 h of fermentation. Between 14 and 26 h of fermentation
also only minor degradation of FOS DP>3 took place, but fermentation of DP3 oligomers
was still most pronounced. After 26 h of fermentation, less than 3% of the DP3 oligomers
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was remaining, while =77% of FOS DP>3 was still intact with faecal microbiota of 2- and 8-

week-old infants.

A.
GF3
F
>
2 /\ 126
G A
E
= /\ £20
< | FAN
o
GF2F2
j\/\ A
A ]
A o

75 8 9 10 11 15 16 17 18
Retentlon time (mm)

B.
GF3 GF4 GF5 GF6
= F3 F4 F5
@ A t26
B o0
=
o ]\ 120
D‘, o e,
GF2F2 /\ t14
AN
A :
PAN.
5

75 8 9 10 11 12 13 14 1 16 17 18

Retention time (min)

Figure 1 HPAEC profiles of FOS at the start and after 14, 20 and 26 h of fermentation using pooled
faecal inoculum of 2- (A) and 8- (B) week-old infants. DP and F/GF series are annotated.

Faecal microbiota of 2-week-old infants were able to degrade oligomers of native inulin up
to DP9 while higher DPs remained virtually intact (Figure 2). There was a relative high
recovery of 62% and 99% for respectively DP 9-15 and DP 216 after 26 h of fermentation.
Longer incubation times did not result in significant fermentation of higher DPs (Figure S2).
The faecal microbiota of 2-week-old infants had a similar preference for the trisaccharides
F3 and GF2 during the first 14 h of fermentation as was observed in the fermentation study
with FOS, although the F-series was less abundant in native inulin compared to FOS.
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Fermentation of native inulin using faecal microbiota of 8-week-old infants resulted in
different degradation patterns compared to the 2-week-old infants, as they were able to
degrade native inulin of higher DP values. The faecal microbiota of 8-week-old infants was
able to completely degrade native inulin up to DP16 and higher DPs were degraded for 40%
after 26 h of fermentation. Also, in this case a clear preference for the trisaccharides F3 and
GF2 was observed during the first 14 h of fermentation.
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Figure 2 HPAEC profiles of native inulin at the start and after 14, 20 and 26 h of fermentation using
pooled faecal inoculum of 2- (A) and 8- (B) week-old infants. DP and F/GF series are annotated.
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Impact of native inulin on faecal microbiota composition is different between 2- and 8-
week-old infants

To study the impact of FOS and native inulin on the faecal microbiota of 2- and 8-week-old
infants, 16S rRNA gene amplicon sequencing and quantitative PCR (qPCR) of total bacteria
was performed. With FOS fermentation, a decrease in relative abundance of
Bifidobacterium was observed in the first 14 h with both faecal inocula of 2- and 8-week-
old infants (Figure 3, Table S1) as well as in control fermentations without NDCs (Figure S3).
However, taking into account quantitative PCR analysis of total bacteria demonstrating a
2000-fold increase in 16S rRNA gene copy numbers between 0 and 14 h of fermentation
(Table S2), fermentation of FOS increased the absolute number of Bifidobacterium from
2.8x10° to 1.1x10° copies in the first 14 h for inocula of 2-week-old infants. After 26 h of
fermentation 43-49% of the bacteria belonged to the genus Bifidobacterium. A control
fermentation without NDCs did not result in an increase in Bifidobacterium (Figure S3).
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Figure 3 Relative abundance of bacteria at the highest classified taxonomy in duplicate fermentation
digesta collected at the start and after 14 and 26 h from in vitro fermentation of FOS and native
inulin using pooled faecal inoculum of 2- and 8-week-old infants with the 15 most abundant bacteria
visualized individually and less abundant bacteria summarized as ‘other’.
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Fermentation of FOS using faecal inoculum of 2-week-old infants also resulted in an increase
in Clostridium sensu stricto resulting in a 11-16% contribution to all bacteria after 26 h. In
addition, an enrichment in bacteria belonging to the genera Enterococcus, Escherichia-
Shigella and the family Enterobacteriaceae was observed. This enrichment was also
observed for control fermentations without added NDCs.

FOS fermented by inoculum of 8-week-old infants also induced an increase in relative
abundance of Bifidobacterium to 53-59% after 26 h of fermentation. Furthermore, a similar
enrichment in bacteria belonging to the genera Enterococcus and Escherichia-Shigella and
the family Enterobacteriaceae was observed. However, fermentation of FOS by faecal
microbiota of 8-week-old infants did not result in an increase in the relative abundance of
Clostridium sensu stricto.

Native inulin decreased the relative abundance of Bifidobacterium for inocula of 2- and 8-
week-old infants in the first 14 h of fermentation. Again, the qPCR illustrated that this
relative decrease did not represent a decrease in absolute numbers of Bifidobacterium
(Table S2). After 26 h of fermentation the faecal microbiota of 2-week-old infants was for
18% composed of bacteria belonging to the genus Bifidobacterium. Clostridium sensu stricto
was most abundant; 55% after 26 h of fermentation. Similar to the fermentation of FOS,
background fermentation of SIEM medium components was observed.

Native inulin induced a higher increase in relative abundance of Bifidobacterium for inocula
of 8-week-old infants than for 2-week-old infants, but no relative increase in Clostridium
sensu stricto was observed. After 26 h of fermentation 60-74% of the bacteria belonged to
the genus Bifidobacterium. Fermentation of native inulin thus showed an age-dependent
stimulation of Bifidobacterium, which was not observed for FOS.

Differences in predicted functional capabilities of microbial communities from 2- and 8-
week-old infants during native inulin fermentation

As the degradation kinetics of native inulin differed between the faecal microbiota of 2- and
8-week-old infants, we questioned whether this might be explained by differences in the
predicted functional capability and more specifically in expression of the enzymes B-
fructofuranosidase and fructan B-fructosidase which are necessary for degradation of
native inulin. To this end, an additional analysis was performed to predict the functional
capability of the microbial communities based on 16S rRNA genes using Tax4Fun2 (Figure
4). The heatmap shows a clear clustering based on fermentation time and infant age. With
native inulin a higher relative abundance of B-fructofuranosidase and fructan B-fructosidase
was observed for faecal microbiota of 8-week-old infants compared to 2-week-old infants.
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Figure 4 Heatmap of relative abundance of KEGG functional orthologs in fermentation digesta
collected at the start and after 14 and 26 h from in vitro fermentation of native inulin using pooled
faecal inoculum of 2- and 8-week-old infants. Colours given by taxa scaling per row with the mean
relative abundance in yellow. Hierarchical clustering using Ward.D2 algorithm and Euclidean
distances. KEGG functional orthologs necessary for degradation native inulin shown in figure. On top
of the heatmap different colours as explained in the legend depict the infant age and fermentation
time.

High relative abundance of one specific ASV in fermentations of both FOS and native
inulin

Since mainly Bifidobacterium was increased by FOS and native inulin, we performed a higher
resolution analysis at the level of their individual sequences (Amplicon Sequencing Variants
(ASVs)), which can be considered as a proxy for Bifidobacterium species (Figure 5). ASV
2554220 was the most abundant ASV during fermentations of both FOS and native inulin
using faecal inoculum of 2- and 8-week-old infants. Comparison of the sequence with the
SILVA database release 132 showed that the sequence was an exact match with species
such as Bifidobacterium breve, Bifidobacterium longum subspecies infantis and
Bifidobacterium longum subspecies longum (Table 1).
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Figure 5 Relative abundance of Bifidobacterium Amplicon Sequencing Variants (ASVs) in duplicate
fermentation digesta collected at the start and after 14 and 26 h from in vitro fermentation of FOS
and native inulin using pooled faecal inoculum of 2- and 8-week-old infants.

Table 1 Taxa matching with ASV 2554220 according to SILVA database release 132

g_Bifidobacterium ASV 2554220
TGGTAGTCCACGCCGTAAACGGTGGATGCTGGATGTGGGGCCCGTTCCACGGGTTCCGTGTCGGAGCTAA
GTGAACCCGCCCCGAAGGGAAACCCCATCTCTGGGATCGTCGGGAACATGTCAAGCCCAGGTAAGGTTCT

taxa database hits

breve 74
uncultured organism 45
human gut metagenome 38
longum subspecies infantis 34
longum subspecies longum 11
longum subspecies infantis_ ATCC_15697_\u003d_JCM_1222 \u003d_DSM_20088 11
unidentified 9
uncultured bacterium 9
breve_DSM_20213_\u003d_JCM_1192 5
breve_S27 3
breve_ACS-071-V-Sch8b 3
longum subspecies longum_JDM301 3
breve 689b 2
breve_UCC2003 2
breve_12L 2
breve_JCM_7017 2

Extracellular B-fructofuranosidase not detected in Bifidobacterium species present in
faecal microbiota of 8-week-old infants

As the expression of extracellular B-fructofuranosidase could be essential for the utilization
of long-chain inulin, we questioned whether Bifidobacterium species present in the faecal
microbiota of 8-week-old infants contain the gene that encodes for extracellular B-
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fructofuranosidase. The distribution of this gene among bacterial genomes was investigated
using UniProtkKB and BUSCA (Figure 6). Only 3 out of 351 bacterial genes encoding for
extracellular B-fructofuranosidase belong to Bifidobacterium species, namely to
Bifidobacterium adolescentis, mongoliense and psychraerophilum. These Bifidobacterium
species were not detected in native inulin exposed microbiota of 2- and 8-week-old infants,
suggesting that Bifidobacterium was not responsible for the utilization of long-chain inulin.
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Figure 6 Distribution of extracellular B-fructofuranosidase genes within sequenced bacterial
genomes on order level.

SCFAs and organic acids are produced in an age- and fructan-dependent fashion

Since SCFAs and other organic acids have shown to be primary fermentation metabolites
with important immunomodulatory activity, SCFAs production during fermentation of FOS
and native inulin was quantified (Figure 7). Reproducibility was confirmed with duplicate
fermentations. A control fermentation without added NDCs showed only minor production
of organic acids (Figure S4). Fermentation of FOS by faecal inoculum of 2-week-old infants
resulted in a total organic acid production of 5.8 pmol/mg after 26 h in a ratio of 66:26:5:2:1
for respectively acetate, lactate, succinate, butyrate and propionate. Fermentation of FOS
by faecal inoculum of 8-week-old infants resulted in a lower amount of total organic acids
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produced (4.9 umol/mg). Acetate, lactate, succinate, butyrate and propionate were
produced in a ratio of 73:18:7:1:1.

Differences in both total production and composition of organic acids were observed for
the fermentation of native inulin using both inocula. The fermentation using faecal
inoculum of 2-week-old infants resulted in a total organic acid production after 26 h of 4.5
umol/mg with a considerable amount of butyrate (0.9 pmol/mg). Acetate, lactate,
succinate, butyrate and propionate were produced in a ratio of 53:19:6:20:2. Fermentation
of native inulin by faecal inoculum of 8-week-old infants resulted in a two-fold higher
amount of total organic acids produced, namely 8.9 umol/mg. Acetate, lactate, succinate,
butyrate and propionate were produced in a ratio of 72:22:4:1:1.
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Figure 7 Production of SCFAs, lactate and succinate upon fermentation of FOS (A) and native inulin
(B) using pooled faecal inoculum of 2- and 8-week-old infants.
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Fermentation digesta of FOS and native inulin induce infant’s age-dependent cytokine
responses in dendritic cells

As in vivo the gastrointestinal tract is aligned with numerous dendritic cells, we studied the
impact of digesta of FOS and native inulin fermentation on DC cytokine responses. We
compared the impact of digesta of FOS and native inulin fermented by faecal inocula from
2- and 8-week-old infants. To this end, DCs were incubated with fermentation digesta for
48h and the pro-inflammatory chemokines and cytokines MCP-1/CLL2, MIP-1a,/CCL3, IL-1B,
IL-6 and TNFa as well as the anti-inflammatory cytokine IL-10 induced in DCs were
measured.

Digesta from control fermentations without added NDCs were incubated with DCs (Figure
8). Both t=14 and t=26 digesta of 2- and 8-week inoculum significantly increased the
secretion of most chemokines and cytokines, when compared to t=0. Incubation of DCs with
t=14 digesta of the control fermentation with 2-week inoculum significantly increased the
chemokines MCP-1/CCL2 and MIP-1a/CCL3, the pro-inflammatory cytokines IL-1B, IL-6 and
TNFa but not the anti-inflammatory cytokine IL-10. The t=26 digesta induced a significant
increase of all chemokines and cytokines measured. The total upregulation of all
chemokines and cytokines was more pronounced with microbiota of 8-week-old infants.
Incubation of DCs with t=14 FOS digesta of 2-week-old infants inoculum significantly
increased the levels of the chemokine MIP-1a/CCL3 and cytokines IL-1B and IL-6 when
compared to digesta of t=0, but levels were significantly lower than the levels induced by
t=14 digesta of control fermentations with inocula of 2-week-old infants. Incubation of DCs
with t=26 FOS digesta fermented with 2-week-old infant inoculum increased the same
cytokines as well as IL-10 and TNFa. Again, the levels of MIP-1a/CCL3, IL-1B and IL-6 were
lower than levels of these cytokines induced by the t=26 digesta of control fermentations.
DC incubation with digesta of FOS fermented with 8-week-old infant inoculum resulted in
different cytokine patterns. DCs incubated with t=14 FOS digesta significantly increased
secretion of the chemokines and cytokines MCP-1/CCL2, MIP-1a/CCL3, IL-1B and TNFa
when compared to t=0. However, levels of MIP-1a/CCL3, IL-1B and IL-6 as well as levels of
TNFa were significantly lower when compared to cytokine levels induced by t=14 digesta of
control fermentations with inocula of 8-week-old infants. With t=26 digesta, levels of MCP-
1/CCL2, MIP-10a/CCL3, IL-1B, IL-10 and TNFa were significantly increased, but levels of MIP-
1a/CCL3, IL-1B, IL-6 and TNFa were still significantly lower when compared to cytokine
levels induced by t=26 digesta of control fermentations with inocula of 8-week-old infants.
When chemokine and cytokine secretion patterns between DC stimulations with digesta of
FOS fermentations with inoculum of 2- and 8-week-old infants were compared, significant
differences between age categories were found for secretion of IL-6 (p < 0.001).
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Figure 8 Induced cytokines (fold change of induction by Oh samples) by digesta of control
fermentation, FOS and native inulin fermentation with pooled faecal inocula of 2- and 8-week-old
infants with statistical different response compared to the Oh sample: *p<0.05, **p<0.01,
**¥*p<0.001, ****p<0.0001, between 2 and 8 week groups: #p<0.05, ##p<0.01, ###p<0.001,
#####p<0.0001 and between FOS and native inulin samples and their matched time sample of the
control fermentation a p<0.05, b p<0.01, c p<0.001, d p<0.0001.
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Fermentation of native inulin also demonstrates a clear age-dependent impact on DC
cytokine responses. When DCs where incubated with t=14 native inulin digesta fermented
with inoculum of 2-week-old infants, levels of the chemokines MCP-1/CCL2, MIP-1a/CCL3,
IL-1B, IL-6 but also of IL-10 was significantly increased. Notably, the level of MIP-1a/CCL2
was significantly higher and the level of TNFa was significantly lower than that induced by
t=14 digesta of control fermentations. Native inulin t=26 digesta only significantly increased
secretion of chemokine MIP-1a/CCL3 and IL-6. The levels of the chemokine MIP-1a/CCL2
and the cytokines IL-1B, IL-6, IL-10 and TNFa were all significantly lower when compared to
the t=26 digesta of the control fermentation.

Results were different with 8-week inoculum. DCs with native inulin t=14 digesta induced a
significant increase in secretion of all chemokines and cytokines measured. However, the
levels of MCP-1/CCL3, IL-1B, IL-6, IL-10 and TNFa were all still significantly lower than the
levels of these cytokines induced by the t=14 digesta of the control fermentation. With
native inulin t=26 digesta all cytokines significantly increased compared to t=0, but again
MCP-1/CCL3, IL-1B, IL-6 and TNFa were still significantly lower than the levels of these
cytokines induced by the t=26 digesta of the control fermentation with inoculum of 8-week-
old infants.

When 2- and 8-week-old infants were compared, significant differences were found for
secretion of chemokine MIP-1a/CCL3 (p < 0.001), the pro-inflammatory cytokine TNFa (p <
0.05) and the anti-inflammatory cytokine IL-10 (p < 0.001).

Discussion

Cow’s milk-based infant formulas are often substituted with NDCs to mimic HMO
functionalities. Chicory FOS and native inulin are supplemented to infant formula, but to
date minor knowledge is available on structure-specific utilization of NDCs by infant gut
microbiota, production of SCFAs and concomitant immune effects. Therefore, we
investigated the degradation of FOS and native inulin by infant faecal microbiota and the
effect of the fermentation digesta on dendritic cell responses.

Fermentation of FOS showed selective utilization of the trisaccharides F3 and GF2 in both
2- and 8-week-old infants, which coincided with an increase in Bifidobacterium and an
increased production of mainly acetate and lactate. These organic acids are important end
products of the bifid shunt, which is a unique hexose metabolism pathway, and
consequently suggested to be mainly produced by Bifidobacterium [30]. The stimulation of
Bifidobacterium by FOS corroborates findings of a previous in vivo study [31] in infants
receiving FOS-supplemented infant formula. The utilization of FOS by Bifidobacterium is
attributed to several properties such as expression of the gene that encodes for B-
fructofuranosidase, which is responsible for the cleavage of the 3(2-1) bonds between the
fructose units in FOS [32].
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Our data suggest that fermentation of FOS mostly benefit Bifidobacterium breve, which is
commonly found in the infant gut [33]. In contrast to other Bifidobacterium species,
Bifidobacterium breve showed to have a similar preference for FOS DP3 [34]. DP3 was also
first fermented when native inulin was used as substrate, but here, in our study, DP 2-8 F
and GF series were degraded more extensively. This can be explained by the presence of
higher DPs and the relatively low abundance of DP3 (8% vs 32%) in native inulin, what could
have stimulated a broader range of bacterial enzymes.

Native inulin was fermented differently by faecal microbiota of 2- and 8-week-old infants.
The faecal microbiota of 8-week-old infants fermented up to a higher DP than the 2-week-
old infants. This correlated with a higher relative increase in Bifidobacterium and higher
production of acetate and lactate. Whereas most Bifidobacterium species utilize FOS by
intracellular uptake and degradation, this uptake has been suggested to be lower for longer
inulin oligosaccharides due to their larger size [35]. Previous studies have shown that the
growth of Bifidobacterium on inulin is dependent on the transcription of extracellular B-
fructofuranosidase [36].

Extracellular B-fructofuranosidase is predominantly present among bacterial orders such as
Bacteroidales and Lactobacillales. Bifidobacterium species which contain the gene encoding
for extracellular B-fructofuranosidase were not detected in faecal microbiota of both 2- and
8-week-old infants. Therefore, it is possible that cross-feeding between Bifidobacterium and
other bacteria occurred during degradation of higher DPs by the faecal microbiota of 8-
week-old infants. Similar cross-feeding is reported between Lactobacillus salivarius and
Lactobacillus paracasei, where the latter uses an exo-inulinase to degrade long-chain inulin
[37]. However, it cannot be excluded that certain Bifidobacterium species can internalize
native inulin DP 9-16 by ABC transport systems, which was reported for Roseburia
inulinivorans [32].

Along with Bifidobacterium, also a relative increase in Clostridium sensu stricto | was
observed during fermentation of FOS and native inulin by 2-week-old infants, which
corresponded with an increased production of butyrate. In contrast to Bifidobacterium,
several Clostridium species ferment hexoses through the Embden-Meyerhof-Parnas or
pentose phosphate pathway with butyrate being one of the important end products [38].
Although Clostridium can utilize FOS and inulin [39], the increase in Clostridium sensu stricto
in the control fermentation without added NDCs indicate their increase is due to
fermentation of SIEM medium components.

Notably, more bacteria were stimulated by SIEM medium. For all fermentations an
enrichment in bacteria belonging to the genera Enterococcus and Escherichia-Shigella and
the family Enterobacteriaceae was observed in the first 14 h of fermentation. These bacteria
were reported to grow well on peptides and amino acids which are highly abundantin SIEM
medium: bactopeptone (24 g/L), casein (24 g/L), ox-bile (0.4 g/L) and cysteine (0.16 g/L) [40].
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As the enrichment was also observed for control fermentations without added NDCs, it can
be concluded that their growth was stimulated by these medium components.
Fermentation as such had a strong impact on cytokine production by immature umbilical
vein derived dendritic cells. The control fermentation digests without added NDCs with both
2- and 8-week-old infant inoculum induced high levels of the chemokines and cytokines
MCP-1/CLL2, MIP-10/CCL3, IL-1B, IL-6 and TNFa as well as the anti-inflammatory cytokine
IL-10. T=0 digesta only induced minor cytokine production in DCs, indicating that products
formed during fermentation are responsible for the observed effects. As production of
SCFAs in the control fermentation is very low, we assume that specific bacterial products
such as ATP, lipoteichoic acid, polysaccharide A, peptidoglycan, exopolysaccharide and
RNA/DNA sequences produced by bacteria during fermentation are responsible for these
immune stimulating effects [41]. These bacterial products interact with specialized immune
receptors on immune cells such as Toll like receptors (TLRs) that are expressed on immune
cells such as dendritic cells [41].

Fermentation of FOS and native inulin reduced the induced enhancement of cytokines by
control fermentation. For FOS we found a clear attenuation of the production of multiple
pro-inflammatory cytokines compared to the control fermentation. This phenomenon could
possibly be explained by the production of SCFAs upon fermentation as shown here and by
others [42]. A very pronounced effect was observed for IL-6 secretion by DCs, which was
virtually gone with FOS digesta of faecal inoculum of 8-week-old infants and profoundly
reduced with faecal inoculum of 2-week-old infants fermenting FOS. For other cytokines no
significant differences were observed between FOS and the control fermentation, which
correlated with the similarities in changes in microbiota composition and functionality
between faecal microbiota of 2- and 8-week-old infants upon fermentation of FOS.

Native inulin also attenuated the production of pro-inflammatory cytokines, however the
profiles and magnitude of attenuation were different than with FOS. Surprisingly, for the
digesta of 2-week-old infants this attenuation was more pronounced after 26 h of
fermentation for the cytokines MCP-1/CCL2, IL-1B, IL-10 and TNFa. This specific native
inulin-26h fermentation sample was also found to have a high relative increase in
Clostridium sensu stricto | and increased production of butyrate. Butyrate is known to be an
immune attenuating SCFA that acts via GPR109a receptor present on dendritic cells [43].
Previous studies also found that butyrate altered the production of pro-inflammatory
cytokines as well as the anti-inflammatory cytokine IL-10 [44]. In addition, it was found that
butyrate delayed maturation of DCs and thereby influences T-cell polarization [45]. The
generation of butyrate from fermented native inulin might therefore beneficially influence
immune development as butyrate can guide immune polarization [45].
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Concluding remarks

This study provides insight into the complex relation between the structure of fructans, the
faecal microbiota composition, fermentation capacity, SCFAs production and immune
effects in infants. Our data shows that differences in microbial functionality between 2-and
8-week-old infants impacts fermentation of fructans and therewith the extent to which it
performs attenuation of pro-inflammatory responses in immature DCs. Our findings may
contribute to design and tailoring of NDCs mixtures for substitution of infant formulas to
meet the needs of infants of different ages and state of inflammation.
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Figure S1 Percentages of remaining compounds with different DP present in FOS (A, B) and native
inulin (C, D) during in vitro fermentation using pooled faecal inoculum of 2- (A, C) and 8- (B, D) week-
old infants. Analysis was performed by HPAEC-PAD. Concentrations per compound/DP range in the
original FOS and native inulin mixture were set to 100%.
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Retention time (min)

Figure S2 HPAEC profiles of native inulin after 36 hours of in vitro fermentation using pooled faecal
inoculum of 2- (A) and 8- (B) week-old infants.
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Table S2 Amount of DNA copies (log) in fermentation digesta collected at the start and after 14 and
26 hours from in vitro fermentation of FOS (A) and native inulin (B) using faecal inoculum of 2- and

8-week-old infants with a, b: biological replicate, *: control fermentation without inoculum. Control
fermentations without added NDCs are displayed in C.

A. age timepoint  DNA copies (log/ml fermentation digesta)
2 0 6.382
2 0 6.64b
2 14 9.642
2 14 9.75b
2 26 9.742
2 26 9.93b
8 0 6.60°
8 0 6.66°
8 14 9.84°
8 14 9.93b
8 26 9.742
8 26 9.68P
* 0 6.33
* 14 6.03
. 26 8.67

B. age timepoint _ DNA copies (log/ml fermentation digesta)
2 0 6.55°2
2 0 6.62P
2 14 10.00°
2 14 9.89b
2 26 10.25°
2 26 10.16°
8 0 6.56°
8 0 7.02b
8 14 9.85°
8 14 9.84b
8 26 10.002
8 26 9.91b
* 0 6.63
. 14 9,73
* 26 9.86

C. age timepoint DNA copies (log/ml fermentation digesta)
2 0 6.66
2 14 10.00
2 26 9.90
8 0 6.58
8 14 9.73
8 26 9.96
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Figure S3 Relative abundance of bacteria at the highest classified taxonomy in fermentation digesta
collected at the start and after 14 and 26 hours from in vitro fermentation containing solely SIEM
medium and faecal inoculum of 2- and 8- week-old infants.
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Figure S4 Production of SCFAs, lactic acid and succinic acid upon in vitro fermentation containing
solely infant faecal inoculum and SIEM medium.
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Chapter 4

Endo-1,3(4)-B-glucanase-treatment of oat B-glucan enhances
fermentability by infant faecal microbiota, stimulates Dectin-1
activation and attenuates inflammatory responses in immature
dendritic cells

Abstract

Non-digestible carbohydrates are added to infant formula to mimic human milk
oligosaccharide effects by acting as prebiotics and stimulating the immune system.
Although not yet used in infant formulas, B-glucans are known to have beneficial health
effects and are therefore of potential interest for supplementation of infant formula.

We investigated the in vitro fermentation of native and endo-1,3(4)-B-glucanase-treated
oat B-glucan using pooled faecal inocula of 2- and 8-week-old infants. While native oat B-
glucan was not utilized, both inocula specifically utilized oat B-glucan oligomers containing
B(1->4)-linkages formed upon enzyme treatment. The fermentation rate was highest for
faecal microbiota of 2-week-old infants and correlated with a high lactate production.
Fermentation of media supplemented with native and enzyme-treated oat B-glucans
increased the relative abundance of Enterococcus and attenuated pro-inflammatory
cytokine production (IL-1pB, IL-6, TNFa) in immature dendritic cells. This attenuating effect
was more pronounced after enzyme treatment. This attenuation might result from the
enhanced capability of fermented oat B-glucan to stimulate Dectin-1 receptors.

Our findings demonstrate that endo-1,3(4)-B-glucanase treatment enhances the
fermentability of oat B-glucan and attenuated pro-inflammatory responses. Hence, this
study shows that especially enzyme-treated oat B-glucans have a high potential for
supplementation of infant formula.

Akkerman. R.*; Logtenberg, M.J.*; An, R.; Van den Berg, M.A.; de Haan, B.J.; Faas, M.M.;
Zoetendal, E.G.; de Vos, P.; Schols, H.A. Nutrients; 2020; 12: 1660.
* authors contributed equally
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Introduction

Early life nutrition is crucial for life-long health and is strongly influencing the development
of the innate immune system and the composition of the intestinal microbiota [1,2]. The
World Health Organization recommends exclusive breastfeeding for infants up to an age of
6 months [3]. An important component of mother milk are the human milk oligosaccharides
(HMOs) which are considered as prebiotics and guide immune development and gut barrier
maturation [4,5]. However, for many valid reasons, in Europe only approximately 25% of the
infants receive exclusive breastfeeding up to an age of 6 months [6]. For infants for which
breast milk is not an option, different types of infant formula are commercially available,
which are often supplemented with non-digestible carbohydrates (NDCs) to mimic the
effects of HMOs. Commonly used NDCs in infant formula include fructo-oligosaccharides
(FOS) and galacto-oligosaccharides (GOS), which are added either individually or as
combination [7,8]. The beneficial effects of FOS and GOS have been studied extensively [7-9].
However, there are many other NDCs with beneficial effects on microbiota compositions
and the immune system that are of potential interest as supplement to infant formulas. An
example of such NDC with demonstrated beneficial effects is —glucan [10].

B—glucans are polymers of D-glucose building blocks linked by B(1->3), B(1->6) or B(1->4)
linkages [11] and can be found in many food and feed components including cereals, yeast
and mushrooms [12]. B-glucans from cereals, like oat and barley, are linear B(1->3) and
B(1->4) linked glucose polysaccharides, whereas B—glucans from yeast and fungi consist of
a B(1->3) linked glucan backbone with B(1->6) linked glucose residues as sidechains [11]. In
recent years, multiple studies have shown immune modulating functions of B—glucans
which are exerted via binding to different pattern recognition receptors (PRRs) including C-
type lectin Dectin-1, complement receptor 3 and Toll-like receptors (TLRs) [13-15]). For oat B-
glucans it has also been shown that microbiota derived enzymes may enhance their immune
activity upon digestion, by increasing Dectin-1 stimulation. This was demonstrated by the
ability of oat B-glucans to stimulate Dectin-1 receptors, which increased after enzyme
treatment with endoglucanase [16].

Next to their direct effects, B—glucans might also influence immunity by changing the
composition of the gut microbiota and the formation of short chain fatty acids (SCFAs) [17].
Previous studies demonstrated that the fermentability of B-glucans is dependent on their
structure. Enzymatic pre-treatment of barley B-glucans enhanced their fermentability by
adult faecal microbiota in an in vitro set-up [17]. Depolymerization of barley B-glucans by
acid hydrolysis into fractions with MWs ranging from 6-104 kDa has also shown to increase
glucan fermentability with inoculum of 9-15 month-old infants [18]. However, currently
limited knowledge is available about the effects of fermentation of B-glucans on their
immune-modulating properties and if an increase in fermentability, due to
depolymerization, affects these processes.
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In the present study, native oat B-glucan was treated with an enzyme preparation
containing predominantly endo-1,3(4)-B-glucanase to decrease the molecular weight. Both
native and enzyme-treated oat B-glucan were fermented in an in vitro set-up using infant
faecal inoculum of 2- and 8-week old infants. We decided to use faecal inoculum of 2- and
8-week-old infants because microbiota compositions are rapidly developing in the first
weeks of life [19] and different sets of enzymes for the degradation of NDCs will become
available depending on the bacteria present in the infant gut. Therefore, it is likely that both
age classes will have different fermentation capabilities. The glucan degradation kinetics,
impact on microbiota composition and SCFA production during fermentation were studied.
In addition, the effects of the fermentation digesta on Dectin-1 receptor binding and
immature dendritic cells cytokine production were studied.

Materials and methods

Oat B-glucans and enzymatic modification

All Native oat B-glucan (OBG) and enzyme-treated oat B-glucan (eOBG) were kindly
provided by DSM (Delft, The Netherlands). Native oat B-glucan (medium viscosity,
Megazyme, Bray, Ireland) was treated with the commercial enzyme preparation Filtrase NL
liquid (DSM batch 614308301), predominantly containing endo-1,3(4)-B-glucanase, to
obtain enzyme-treated oat B-glucan. First native oat B-glucan (5 mg/mL) was dissolved in
10 mM sodium acetate buffer (pH 5.0), after which Filtrase NL liquid was added at 250 pl
enzyme/g native oat B-glucan. The mixture was incubated at 37 °C for 5 h in a head-over-
tail rotator. Subsequently, enzymes were inactivated by boiling the mixture for 10 min. The
final solution was lyophilized for further use. OBG was treated similarly, but without
addition of Filtrase NL liquid.

Fermentation of native and enzymatic treated oat B-glucans by infant faecal inoculum

Culture medium

Standard ileal efflux medium (SIEM; Tritium Microbiology, Veldhoven, The Netherlands)
was prepared as described elsewhere with minor modifications [20]. A low amount of
carbohydrates was added to mimic the infant ileal environment while minimizing
background fermentation. The carbohydrate medium component contained the following
carbohydrates in the same ratio: pectin, xylan, arabinogalactan, amylopectin and starch,
with a concentration of only 0.24 g/L in the SIEM medium. The pH was adjusted to 5.8 using
MES buffer.

Infant faecal inoculum

Faecal samples were collected from 4 exclusively breast-fed and vaginally born infants. The
infants did not receive antibiotic treatment and did not have health issues. At the age of 2
and 8 weeks faecal material was collected from the diaper directly after defecation,
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transferred to tubes and stored at -20 °C. After the second collection time point, all samples
were stored at -80 °C.

The inoculum was prepared as reported elsewhere with some minor modifications [21].
After thawing, faecal material of 4 infants were combined (4x 0.1 gram) and diluted in 24
ml sterilized NaCl solution (0.9% (w/v)) in an anaerobic chamber (gas phase: 81% N2, 15%
CO2 and 4% H2) (Bactron 300, Sheldon Manufacturing, Cornelius, USA). Homogenization
was performed by the addition of sterile glass beads prior to thorough mixing (2000 rpm).
After removal of the glass beads, the faecal solution was combined with SIEM medium in a
ratio of 5:82 (v/v) and used as pooled faecal inoculum, whose bacterial functionality was
found to be largely representative of the faecal inocula of the infant population in general
[22].

In vitro fermentation

Fermentations were performed in duplicate in the anaerobic chamber. Pooled faecal
inoculum was combined with SIEM medium containing native or enzyme-treated oat B-
glucan (10 mg/ml) in sterile fermentation flasks in a ratio of 1:10 (v/v). Fermentation flasks
were closed with a rubber stopper that is secured with a metal lid to ensure anoxic
conditions. Afterwards flasks were put in an incubator shaker (Innova 40) (37 °C, 100 rpm).
At the start and after 14, 20 and 26 h, digesta were collected in triplicate with a syringe.
One sample was immediately frozen in liquid nitrogen and stored at -80 °C to preserve the
bacteria for later microbial analysis. Both other samples were heated for 5 min in a water
bath (100 °C) to inactivate enzymes present. Subsequently they were stored at -20 °C until
further analysis.

The following control fermentations were included: (1) inoculum without glucan substrate
to monitor background fermentation, (2) native oat B-glucan and enzyme-treated oat B-
glucan without inoculum to monitor contamination.

Fate of OBG and eOBG upon fermentation

High performance size exclusion chromatography (HPSEC)

Degradation of OBG during fermentation was analysed by HPSEC on an Ultimate 3000 HPLC
system (Dionex, Sunnyvale, CA, USA) equipped with a Shodex RI-101 refractive index
detector (Showa Denko, Tokyo, Japan). Fermentation samples were diluted until a
concentration of 2 mg/ml and centrifuged (5 min, 15 000g). Ten pl of sample was injected
to three TSK-Gel columns connected in series (4000-3000-2500 SuperAW; 150 x 6 mm)
preceded by a TSK Super AW-L guard column (35 x 4.6 mm) (Tosoh Bioscience, Tokyo,
Japan). The columns covered a molecular mass range from 0-250 kDa. Samples were eluted
with 0.2 M NaNO3, at 55°C with a flow rate of 0.6 ml/min. Pullulan standards (Polymer
Laboratories, Palo Alto, Ca, USA) were used for calibration.
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UHPLC-PGC-MS

To be able to study the fate of specific isomers with different degrees of polymerization
(DP), enzyme-treated oat B-glucan was also analysed on a Vanquish Ultra High Performance
Liquid Chromatography (UHPLC) system (Thermo Scientific, San Jose, CA, USA). Prior to
analysis samples were reduced using sodium borohydride to avoid anomerisation of
oligosaccharides, followed by a purification step using solid phase extraction [23].

Samples (0.5 pl, 0.5 mg/ml) were injected on a porous graphitic carbon (PGC) column (3 um
particle size, 2.1 mm x 150 mm; Hypercarb, Thermo Scientific) in combination with a guard
column (3 um particle size, 2 mm x 10 mm; Hypercarb, Thermo Scientific). As mobile phase
A: ULC-MS water + 0.1% (v/v) formic acid was used. Mobile phase B consisted of ACN + 0.1%
(v/v) formic acid. The flow rate was 300 pL/min. The gradient was as follows: 0-2 min, 3%
B; 2-21 min, 3-33.6% B; 21-22.5 min, 33.6-100% B; 22.5-30.2 min, 100% B; 30.2-31.7 min,
100-3% B; 31.7-39.4 min, 3% B. The temperature of the autosampler and column oven was
controlled at 10 and 25 °C, respectively. Needle wash solvent containing 3% ACN was used
to wash the autosampler.

To obtain mass spectrometric (MS) data, the flow of the UHPLC was directed to a Thermo
Scientific LTQ-Velos Pro equipped with an electrospray ionization (ESI) probe. Helium and
nitrogen were used as sheath and auxiliary gas, respectively. The MS settings were set to a
source voltage of 3.5 kV, a source heater temperature of 225°C, a capillary temperature of
350°C, a sheath gas flow of 38 and an auxiliary gas flow of 11. MS data in negative mode
were collected over a m/z range of 300-2000. Data dependent MS2 analysis was performed
with a normalized collision energy of 35%, activation Q of 0.25, activation time of 10 ms and
isolation width of m/z 1.5. MS2 fragmentation was performed on the 1st and 2nd most
abundant ion in the MS chromatogram from a parent list containing m/z of reduced
enzyme-treated oat B-glucan oligomers. MS3 fragmentation was performed on the product
ions with m/z 505 (trimer) and 667 (tetramer). Cellobiose (Sigma-Aldrich, St. Louis, MO,
USA), cellotriose (Megazyme, Bray, Ireland) and 1,3:1,4-B-glucotriose (Megazyme) were
used as standards for the identification of oat B-glucan oligomers. Relative abundance of
oligomers was determined by selection of the specific mass range followed by integration
of the peaks. Data acquisition and processing were performed using Xcalibur (version 2.2,
Thermo Scientific).

Production of SCFAs and other organic acids upon fermentation

In order to quantify the production of SCFAs and organic acids, fermentation samples were
subjected to GC and HPLC analysis as described elsewhere [24], with minor modifications
with respect to the GC analysis. For GC, fermentation samples (1 mg/ml) were mixed in a
2:1 ratio with a solution containing HCI (0.3M), oxalic acid (0.09M) and internal standard 2-
ethyl butyric acid (0.45 mg/ml). The mixture was allowed to stand at room temperature for
30 min. The temperature profile during GC analysis was as follows: 100°C, maintained for
0.5 min; raised to 180°C at 8°C/min, maintained for 1 min; raised to 200°C at 20°C/min,
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maintained for 5 min. Glass wool was inserted in the glass liner of the split injection port to
protect the column from contamination [25].

Microbial composition analysis

DNA extraction was performed using the Repeated Bead Beating [26] followed by
purification using the Maxwell 16 Tissue LEV Total RNA Purification Kit Cartridge (XAS1220)
(Promega, Madison, WI, USA). PCR amplification of the V5-V6 region of 16S ribosomal RNA
(rRNA) genes using the unique barcoded primer pair BSF784 (RGGATTAGATACCC) and
R1064 (CGACRRCCATGCANACCT) was performed in triplicates as described elsewhere [27]
with minor modification. Specifically, for t0 samples which contained 1.4-4.6 ng/ul DNA, 10
ul DNA template was used for the amplification, correspondingly decreasing the amount of
nuclease free water to retain the same reaction volume. For samples with higher DNA
concentrations, 0.7 pl of DNA template was used. Two synthetic microbial communities
were included as positive controls [28].

After the amplification, PCR products were purified using HighPrep PCR kit (MagBio
Genomics, Alphen aan den Rijn, The Netherlands). Purified amplicons were quantified using
Qubit dsDNA BR assay kit (Life Technologies, Leusden, The Netherlands). Seventy unique
barcode tags were used in each library [28]. Two amplicon pools were formed by combining
200 ng of each barcoded sample and afterwards concentrated to 50 ul using the HighPrep
PCR kit. Libraries were sent for adapter ligation and sequencing with Illumina Hiseq2500
(GATC-Biotech, Konstanz, Germany).

Processing and analysis of the 16S rRNA gene amplicon sequencing data was carried out
using the NG-Tax 2.0 pipeline, with default settings and R version 3.5.0 [29]. Amplicon
sequencing variants (ASVs) with a relative abundance below 0.1% were removed. The
threshold for taxonomic assignment was set at 80%.

Enterococci were analysed at the level of individual sequences (Amplicon Sequencing
Variants (ASVs)). SILVA database release 132 [30] was used for taxonomic classification.

Stimulation of DCs with oat B-glucan fermentation samples

Cell culture and stimulation

Dendritic cells (DCs) generated from umbilical cord blood CD34+ progenitor cells were
purchased from MatTek Corporation (Ashland, MA, USA). Cells were thawed and seeded at
a density of 70x104 cells/well into 96-well plates and cultured (for 24 h 37°C, 21% 02 and
5% CO2) according to manufacturer’s instructions. After 24 h of culturing, cells were
stimulated with fermentation products of the in vitro batch fermentation of medium
supplemented with native oat B-glucan and enzyme-treated oat B-glucan using infant faecal
inoculum. To this end, bacteria were removed from the fermentation samples by
centrifugation (10 min, 12000g). Subsequently supernatants were filtered through a 0.2 um
filter and diluted in DC-MM culture medium (MatTek Corporation,) containing Polymyxin-B
(50ng/ml) (Invivogen, Toulouse, France) at a ratio of 1:10. The pH was set to 7.4 by the
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addition of 2M NaOH. DCs were then incubated with 200 pl/well medium containing the
fermentation samples for 48 h After incubation supernatants were collected and stored at
-20°C until further analysis. All experiments were repeated 6 times.

Assessment of cytokine expression

The levels of MCP-1/CCL2, MIP-1a/CCL3, IL-1B, IL-6, IL-10 and TNFa in the DC supernatant
were quantified using a magnetic Luminex® Assay (R&D systems, Biotechne, Minneapolis,
USA) according to the manufacturers protocol. The plate was analysed using a Luminex 200
System. The data obtained was analysed using the Luminex xPONENT software.

HEK-Dectinl reporter cell assays

HEK-Blue™ Nulll cells (Invivogen) were stably transfected with pUNO1- hDectinla or
pUNO1-hDectinlb plasmids (InvivoGen) to obtain HEK-Dectinla and HEK-Dectinlb
responsive reporter cells as previously described [31]. HEK-Dectinl cell lines were cultured
and maintained in DMEM culture medium (Lonza, Bornem, Belgium) containing 10% de-
activated foetal calf serum (60°C for 30 min), 50 U/ml Penicillin and 50ug/ml Streptomycin
(Sigma-Aldrich), 100pg/ml Normocin (Invivogen) supplemented with 12ug/ml Blasticidin
(for HEK-Dectinla) and 100ug/ml zeocin (for HEK-Dectinlb) (Invivogen). Both cell lines
express soluble embryonic alkaline phosphatase (SEAP) under control of a NF-kB AP-1
responsive promotor. Stimulation of the Dectinla or Dectinlb receptor by a Dectin-1
agonist will activate the receptor, subsequently the NF-kB transcription factor will be
transported to the nucleus, inducing transcription of the reporter gene, resulting in SEAP
release into the medium. SEAP can be quantified using Quanti-Blue™ (Invivogen).
HEK-Dectinla and HEK-Dectinlb cells were seeded into 96-well plates at a density of 10x104
cells/well in 200ul medium. After 24h cells were attached and medium was replaced by
fresh medium containing the samples. Fermentation samples of medium supplemented
with native oat B-glucan and enzyme-treated oat B-glucan were diluted at a ratio of 1:20 in
culture medium and pH was neutralized by the addition of 2M NaOH. As a positive control,
200 pg/ml Zymosan depleted (Invivogen), a particulate B(1->3) glucan with a mean
molecular weight of 240 kDa obtained from Saccharomyces cerevisiae was used. Medium
was used as a negative control. All samples were incubated for 24h. Subsequently, the
supernatant of activated reporter cells was mixed with Quanti-Blue™ at a ratio of 1:10 and
guantified at 650nm using a Benchmark Plus Microplate Reader using Microplate Manager
5.2.1 version for data acquisition. Experiments were repeated 3 times in triplicate.

Statistical analysis

Data were analysed using Prism 8 software (GraphPad, San Diego, CA, USA). For the cytokine
data, outliers were removed after testing using a Grubbs outlier test (alpha = 0.05). Cytokine
data are shown as average with standard error of the mean (SEM). Data was distributed
normally and analysed using a mixed-effects model (REML) to test for differences between
the different samples, followed by a Tukey’s multiple comparisons test to compare cytokine
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responses between different groups. P-values < 0.05 were considered significant. Data from
HEK-Dectin1 stimulation experiments were tested using a OneWay ANOVA test followed by
a Tukey’s multiple comparison test. P-values < 0.05 were considered significant.

Results

Formation of oligomers upon endo-1,3(4)-B-glucanase treatment of native oat B-glucan
To determine if a decrease in molecular weight would impact the fermentability and
immune modulating capacity, native oat B-glucan (300 kDa) was treated with a commercial
enzyme preparation which predominantly contains endo-1,3(4)-B-glucanase. The enzyme
treatment of native oat B-glucan was monitored with UHPLC-PGC-MS and resulted in the
formation of oligomers with a DP ranging from 2-5 (Table S1). The different oligomers were
characterized based on MS2 and MS3 fragmentation and available references. Cellobiose
(2a), cellotriose (3a), cellobiosyl-(1->3)-B-p-cellobiose (3b), glycosyl-(1->3)-B-b-cellotriose
(4a) and a partially characterized DP5 oligomer (5a) were recognized to be present (Table
S1), with glucosyl-(1->3)-B-p-cellotriose being most abundant (58%).

Size- and linkage-specific fermentation of oat B-glucan (oligomers) by infant faecal
microbiota

Since the microbiota composition and functionality depend on the age of the infant [32], the
degradation of native and enzyme-treated oat B-glucan was studied by using faecal
microbiota of 2- and 8-week-old infants. Fermentation digesta were collected at 0, 14 and
26 h of in vitro batch fermentation followed by HPSEC and UHPLC-PGC-MS analysis to
monitor the fermentability of respectively native and enzyme-treated oat B-glucan.

Faecal microbiota of both 2-and 8-week-old infants were unable to degrade native oat j-
glucan as no significant shifts in molecular weight of native oat $-glucan were observed over
26 h of fermentation (Figure 1).

The treatment of native oat B-glucan with endo-1,3(4)-B-glucanase increased the
fermentability to a large extent (Figure 2A, Figure S1). Faecal microbiota of 2-week-old
infants were able to almost completely ferment oligomer 2a and 3a, while oligomer 3b and
4a with a B(1->3)-linked glucose at the non-reducing end remained virtually intact. The
partially characterized DP5 oligomer (5a) was degraded for 50% after 26 h of fermentation.
The increase of oligomer 3b and 4a during fermentation is assumed to be caused by the
partial degradation of oligomer 5a. Since the most abundant oligomer 4a was highly
resistant to fermentation, still 61% of the total mixture was remaining after 26 h of
fermentation.
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Figure 1 HPSEC profiles of native oat B-glucan at the start and after 14, 20 and 26 h of fermentation
using pooled faecal inoculum of 2- (A) and 8- (B) week-old infants. Calibration of the system using
pullulan standards is indicated.

Faecal microbiota of 8-week-old infants showed a similar preference for oligomers of
enzyme-treated oat B-glucan which consist solely of (1->4)-linked glucosyl residues (Figure
2B, Figure S1). However, the rate of fermentation was lower as compared to the faecal
microbiota of 2-week-old infants as demonstrated by oligomer 3a and 5a remaining for 32%
and 60% respectively after 26 h of fermentation. Nonetheless, in comparison to the non-
fermentable native oat B-glucan, the enzyme treatment of native oat B-glucan increased
the fermentability significantly for both 2- and 8-week-old infants.
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Figure 2 UHPLC-PGC-MS profiles of enzyme-treated oat B-glucan (eOBG) at the start and after 14, 20
and 26 h of fermentation using pooled faecal inoculum of 2- (A) and 8- (B) week-old infants. Peaks
are labelled with 1a: 1= degree of polymerization, a= letter qualifier. Corresponding structures are
placed above label with —: B(1-4)-linkage and /: B(1-3)-linkage.

Increase in Enterococcus during fermentation of media supplemented with native and
enzyme-treated oat B-glucan

To study the impact of native and enzyme-treated oat B-glucan on infant microbiota
composition, 16S rRNA gene amplicon sequencing was performed. Fermentation of media
supplemented with native oat B-glucan increased the relative abundance of Enterococcus
in faecal inoculum of 2-week-old infants (Figure 3). After 14 h of fermentation =72% of the
bacteria belonged to the genus Enterococcus, which decreased slightly to =56% relative
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abundance after 26 h of fermentation. Since the fermentation control without addition of
native oat B-glucan showed a less pronounced increase in Enterococcus for faecal inoculum
of 2-week-old infants (=26% after 26 h) (Figure S2), it is suggested that the growth of
Enterococcus is stimulated by the presence of the unfermentable native oat B-glucan. Next,
an increase in Bacillus up to =18% was observed in the first 14 h of fermentation of media
supplemented with native oat B-glucan, which decreased to =1% after 26 h of fermentation
(Figure 3). In contrast, a clear increase in relative abundance was observed for both
Escherichia-Shigella and Clostridium Sensu Stricto I, up to =17 and =18% respectively, after
26 h of fermentation. However, this increase was similar for Clostridium Sensu Stricto | and
even more pronounced for Escherichia-Shigella in a control fermentation without native oat
B-glucan (Figure S2). As these genera have been reported to grow well on peptides and
amino acids which are highly abundant in SIEM medium [33], it cannot be excluded that their
growth was stimulated by SIEM medium components.
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Figure 3 Relative abundance of bacteria at the highest classified taxonomy in duplicate fermentation
digesta collected at the start and after 14 and 26 h from in vitro fermentation of media
supplemented with native oat B-glucan (OBG) and enzyme-treated oat B-glucan (eOBG) using

pooled faecal inoculum of 2- and 8-week-old infants.

Fermentation of media supplemented with native oat f-glucan by faecal microbiota of 8-
week-old infants induced the relative abundance of Enterococcus, although to a lesser
extent than with inocula of 2-week-old infants (Figure 3). After 14 h of fermentation, =40%
of the bacteria belonged to the genus Enterococcus, which increased slightly up to =45%
between 14 and 26 h of fermentation. In contrast to 2-week-old infants, no increase in
relative abundance of Bacillus and Clostridium sensu stricto | was observed. However,
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similar background fermentation of SIEM medium components by Escherichia-Shigella was
observed, contributing to =50% of all bacteria after 26 h of fermentation.

Fermentation of enzyme-treated oat B-glucan resulted in a higher increase in relative
abundance of Enterococcus as was observed for the fermentation of media supplemented
with native oat B-glucan. After 14 and 26 h of fermentation by faecal microbiota of 2-week-
old infants more than 94% of the bacteria belonged to the genus Enterococcus. The increase
in Enterococcus was less pronounced with 8-week-old infants as the relative abundance
increased to =75% after both 14 and 26 h of fermentation. Similar to the fermentation of
media supplemented with native oat B-glucan, background fermentation of SIEM medium
components by Escherichia-Shigella was observed for inoculum from 8-week-old-infants.

Increase of specific Enterococcus ASVs during fermentation of media supplemented with
native and enzyme-treated oat B-glucan is dependent on the infant age

Since the relative abundance of Enterococcus after fermentation of media supplemented
with native and enzyme-treated oat B-glucan was higher with faecal microbiota of 2-week-
old infants than with 8-week-old infants, we questioned whether this might be explained
by differences in Enterococcus species present. To this end, Enterococcus Amplicon
Sequencing Variants (ASVs) were examined, which can be considered as a proxy for
Enterococcus species. A difference in Enterococcus ASVs was observed between the
fermentations using both inocula (Figure S3), which was most pronounced for enzyme-
treated oat B-glucan. After 26 h of fermentation of enzyme-treated oat B-glucan ASV
39703838 was most abundant with faecal inoculum of 2-week-old infants, contributing to
=81% of the enterococci. With faecal inoculum of 8-week-old infants ASV 39703836 was
most abundant, contributing to =89% of the enterococci. Comparison of the sequences of
ASV 39703838 and 39703836 (Table S2) with the SILVA database release 132 showed an
exact match with respectively Enterococcus faecium and Enterococcus faecalis.

Lactate, a key metabolite formed during enzyme-treated oat B-glucan fermentation

The production of SCFAs and organic acids during fermentation of media supplemented
with native oat B-glucan and enzyme-treated oat B-glucan was studied as these metabolites
have shown to have important immunomodulatory activity [34,35]. The digesta collected
during fermentation were analysed by GC and HPLC to quantify the SCFAs and other organic
acids (Figure 4). The organic acids present at the start of the fermentation were originating
from the sodium acetate buffer used in the preparation of the oat B-glucans, which was
confirmed by the detection of a similar level of organic acids in the control fermentations
without added inoculum (Figure S4). Reproducibility was confirmed with duplicate
fermentations.

Fermentation of media supplemented with native oat B-glucan by both inocula resulted in
a negligible total organic acid production of 1.2-1.3 umol/mg after 26 h (Figure 4) compared
to the control fermentations without added oat B-glucan =1 pumol/mg; Figure S4). The
enzymatic treatment of native oat B-glucan increased the production of organic acids

88



Fermentability and immune effects of native and enzyme-treated oat B-glucan

(Figure 4). Fermentation by faecal microbiota of 2-week-old infants resulted in a total level
of 2.5 umol/mg after 14 h of fermentation, which increased up to 6 pmol/mg after 26 h of
fermentation. Lactate, acetate, butyrate and propionate were present in a ratio of
79.4:20.4:0.1:0.1. Production of organic acids was slightly lower with faecal microbiota of
8-week-old infants (Figure 4). After 14 h of fermentation of enzyme-treated oat B-glucan a
total level of 1.8 pumol/mg was reached, which increased up to 5.2 umol/mg after 26 h of

fermentation. Lactate, acetate, butyrate and propionate were present in a ratio of
72.4:27.3:0.2:0.1.
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Figure 4 Production of SCFAs, lactic acid and succinic acid upon fermentation of media

supplemented with native oat B-glucan (A) and enzyme-treated oat B-glucan (B) using pooled faecal
inoculum of 2- and 8-week-old infants.
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Cytokine production by dendritic cells (DC) differs between fermentation digesta of
media supplemented with native oat B-glucan and enzyme treated oat B-glucan

DCs are present under the epithelial lining of the gastrointestinal tract and can therefore
come in contact with dietary components such as oat B-glucan and its fermentation
products. To test whether the digesta of media supplemented with native oat B-glucan and
enzyme-treated oat B-glucan fermented with faecal inoculum of 2- and 8-week-old infants
can impact intestinal immune responses, we incubated DCs from umbilical vein with
fermentation samples taken at different time points. The pro-inflammatory chemokines
and cytokines MCP-1/CLL2, MIP-1a/CCL3, IL-1B, IL-6 and TNFa as well as the anti-
inflammatory cytokine IL-10 induced in the DC supernatant were studied.

Digesta from the control fermentation with only inoculum and SIEM medium were
incubated with DCs (Figure 5). Digesta of both t=14 and t=26 from fermentations with either
faecal inoculum of 2- or 8-week-old infants induced production of all chemokines and
cytokines measured. Incubation of DCs with t=14 digesta of media supplemented with
native oat B-glucan fermented with inoculum of 2-week-old infants attenuated DC
activation and lowered production of MIP1a/CCL3, IL-1B, IL-6 and TNFa when compared to
the t=14 digesta of the control fermentation (Figure 5). Incubation with t=26 digesta also
induced lower levels of IL-6 and TNFa when compared to the control. The t=14 digesta of
enzyme-treated oat B-glucan fermented with faecal inoculum of 2-week-old infants also
resulted in lower levels of MIP1a/CCL3, IL-1B, IL-6 and TNFa in DCs when compared to the
t=14 digesta of the control fermentation. Also, incubation with t=26 digesta resulted in
lower levels of all chemokines and cytokines measured when compared to the control.
When chemokine and cytokine patterns of DCs stimulated with native oat B-glucan and
enzyme-treated oat B-glucan of fermentations with faecal inoculum of 2-week-old infants
were compared, it was found that incubation with t=14 digesta of native oat B-glucan
fermentation resulted in a significant lower level of MCP-1/CLL2 and a higher level of TNFa.
In addition, the t=26 digest of native oat B-glucan induced a significant higher level of MCP-
1/CLL2 and a lower level of IL-6 compared to the t=26 digesta of enzyme-treated oat B-
glucan.

Incubation of DCs with t=14 digesta of native oat B-glucan fermented with faecal inoculum
of 8-week-old infants induced a lower level of all chemokines and cytokines measured when
compared to the control. The t=26 digesta reduced levels of IL-1 and TNFa when compared
to the control. The t=14 digesta of enzyme treated oat B-glucan fermented with faecal
inoculum of 8-week-old infant’s induced significant lower levels of MIP1a/CCL3, IL-1B, IL-6,
IL-10 and TNFa, while the t=26 digest of this fermentation only decreased the expression of
IL-1B in DCs when compared to the control. When chemokine and cytokine patterns of DCs
stimulated with native oat B-glucan or enzyme-treated oat B-glucan digesta of
fermentations with 8-week inoculum were compared, the t=14 digesta of the native oat 3-
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glucan fermentation induced significant higher IL-6 levels compared to the t=14 digesta of
the enzyme-treated oat B-glucan fermentation.
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Figure 5 Induced cytokines (fold change of induction by Oh sample) by digesta of control
fermentation, native (OBG) and enzyme-treated oat B-glucan (eOBG) fermentation with pooled
faecal inocula of 2- and 8-week-old infants. Stars above bars represent statistical differences
compared to the time-matched control samples (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
Statistical differences between samples of OBG and eOBG fermentations are indicated above graphs
(#p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001) (n=6).
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Fermentation of media supplemented with native oat B-glucan and enzyme-treated oat
B-glucan by infant faecal inoculum enhances Dectin-1 activation

As Dectin-1 is the most important immune receptor for 3-glucans and present on DCs [36],
we also investigated whether enzyme treatment of native oat B-glucan and glucan
fermentation by inoculum of 2- and 8-week-old infants impact activation of the Dectin-1
receptor. To this end, HEK-Dectinla and HEK-Dectinlb reporter cell lines were incubated
with digesta taken from the fermentation of native oat B-glucan and enzyme-treated oat [3-
glucan. Normal cell culture medium and Zymosan, a particulate B-glucan, which is known to
have Dectin-1 stimulating activity, were used as the negative and positive control
respectively.

First, samples of native oat B-glucan and enzyme-treated oat B-glucan fermented with
either 2- or 8-week-old infant faecal inoculum were incubated with the HEK-Dectinla
reporter cells (full length variant) (Figure 6A). The t=0 digesta of enzyme-treated oat B-
glucan fermented with inoculum of 2-week-old infants and the t=0 digesta of native oat -
glucan fermented with inoculum of 8-week-old infants resulted in slightly higher SEAP
release in HEK-Dectinla reporter cells when compared to the medium control. All t=14 and
t=26 of native oat B-glucan and enzyme-treated oat B-glucan fermented with either 2- or 8-
week inoculum could induce significant higher SEAP release in HEK-Dectinla reporter cells
when compared to the medium control and their own t=0 matched digesta. For native oat
B-glucan and enzyme-treated oat B-glucan fermented with inoculum of 2-week-old infants,
the Nf-kB release was also higher for t=26 digesta when compared to the t=14 digesta.
Fermentation digesta of native oat B-glucan and enzyme-treated oat B-glucan were also
incubated with HEK-Dectinlb reporter cells (stalk-less variant) (Figure 6B). None of the t=0
digesta of native oat B-glucan and enzyme-treated oat B-glucan fermented with either 2- or
8-week inoculum were able to induce significant SEAP release when compared to the
medium control. The t=14 and t=26 digesta of native oat B-glucan and enzyme-treated oat
B-glucan fermented with either inoculum of 2- or 8-week-old infants could induce
significant higher SEAP release in HEK-Dectinlb reporter cells when compared to the
medium control. Again, the induction of SEAP release of all of these digesta was also higher
when compared to their own t=0 matched digesta. For native oat B-glucan and enzyme-
treated oat B-glucan fermented with inoculum of 2-week old infants, the SEAP release was
also higher by t=26 digesta when compared to the t=14 digesta.
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Figure 6 Relative NF-kB release by (A) HEK-Dectinla and (B) HEK-Dectinlb reporter cell stimulation
with (A) samples of native oat B-glucan (OBG) and enzyme-treated oat B-glucan (eOBG) fermented
with 2-week old faecal inoculum and (B) OBG and eOBG fermented with 8-week old faecal inoculum.
For all groups a medium control and Zymosan were included. Statistical differences were tested
using a OneWay ANOVA test followed by a Tukey’s multiple comparison test. Stars above bars
represent statistical differences compared to the medium control (*p<0.05, **p<0.01, ***p<0.001,
**¥%*%¥n<0.0001). Statistical differences between t=14 or t=26 and the matched t=0 are indicated
above graphs (#p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001). Experiments are repeated 3 times in
triplicate.
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Discussion

Non-digestible carbohydrates are often being added to cow milk-based infant formula to
substitute HMO functions. Commonly used NDCs are FOS and GOS, however B-glucans
might also have potential as possible addition to infant formula as these molecules also
stimulate growth of beneficial microbes [17,18] and have immune modulating effects [14,15].
However, currently limited knowledge is available about the effects of fermentation of oat
B-glucans on their immune-modulating properties. In this study, the degradation of native
and enzyme-treated oat B-glucan by infant faecal microbiota was studied, as well as the
effect of the fermentation digesta on cytokine production by dendritic cells and dectin-1
receptor activation, i.e. the receptor for B-glucans on immune cells [36].

Although it has been demonstrated in vitro that adult faecal microbiota can utilize native
oat and barley B-glucans in the size range of 130-243 kDa [17], native oat B-glucan was not
degraded by the faecal microbiota of both 2-and 8-week-old infants in current study. This
finding, however, is in line with differences observed in GI microbial functionality in people
of different age [37]. Bacterial species belonging to the Clostridium histolyticum group were
mainly involved in the described utilization in adults, which was corroborated by the
presence of genes encoding endo-B-glucanase for several members of this group, e.g. C.
longisporum [38] and C. acetobutylicum [39]. The stimulation of Clostridium was also
observed upon intake of barley B-glucans in an in vivo study with healthy adult volunteers
[40]. In our study, using infant microbiota, bacteria belonging to the genus Clostridium sensu
stricto 1 comprising many different Clostridium species [30] were detected. Nevertheless,
the absence of fermentation of native oat B-glucan by the infant faecal microbiota could
possibly be ascribed to differences at species level, since the presence and abundance of
specific Clostridium species gradually changes upon aging [41].

Instead, a clear increase in Enterococcus was observed upon fermentation of media
supplemented with native oat B-glucan by faecal microbiota of 2- and 8-week-old infants,
which was more pronounced than observed for control fermentations without added native
oat B-glucan. As such, it is suggested that the presence of the unfermentable native oat B-
glucan stimulated the growth of Enterococcus on SIEM medium components. As enterococci
are known to be one of the first colonizers of the infant gut [42], the increase in enterococci
might be relevant in infants for creating a new environment that allows colonization of the
gut by strict anaerobes [2,19]. A similar stimulation of Enterococcus was shown in an in vitro
fermentation study of barley B-glucans using faecal microbiota of 9-15 months old infants
which received both human milk and solid foods [18]. With these age groups also substantial
production of SCFAs was observed, which indicates that faecal microbiota of 9-15 months
oldinfants are capable of degrading native oat B-glucan. Itis therefore likely that differences
in Enterococcus on species level upon aging [43,44] result in the availability of different sets
of enzymes for the degradation of B-glucans for infants of different age groups. Our findings
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suggest that the bacteria and their enzymes responsible for the degradation of B-glucans
are not present yet the first weeks after birth, but are introduced upon aging.

In contrast to native oat B-glucan that was not fermented by infant faecal microbiota, endo-
1,3(4)-B-glucanase-treated oat B-glucan was degraded by the faecal microbiota of both 2-
and 8-week old infants. This result corroborates the findings of Lam et al [18], who observed
an increase in SCFAs production when lowering the molecular weight of barley B-glucans in
an in vitro fermentation study using infant faecal inocula. We also found that decreasing the
size of the oat B-glucans upon enzyme treatment resulted in a stronger stimulation of
Enterococcus and increased production of lactic acid, which were more pronounced with
faecal inoculum of 2-week-old infants. Our data suggest that the fermentation of enzyme-
treated oat B-glucan resulted in a selective increase of E. faecium and E. faecalis using faecal
inoculum of respectively 2- and 8-week-old infants. Notably, for both inocula there was a
clear preference for B(1->4)-linked oligomers present in the enzyme-treated oat B-glucan.
Not much is known about specific carbohydrate-degrading enzymes and their structural
preferences expressed by Enterococcus species. However, previous in vitro study using adult
faecal inoculum also concluded that lower molecular weight barley B-glucans results in a
stimulation of Enterococcus and Lactobacillus [17].

The fermentation digesta of both native and enzyme-treated oat B-glucan could attenuate
multiple pro-inflammatory cytokine responses in immature dendritic cells. Digesta of the
control fermentation with inoculum of either 2- or 8-week-old infants induced high levels
of the chemokines and cytokines MCP-1/CLL2, MIP-1a/CCL3, IL-1B, IL-6 and TNFa as well as
the anti-inflammatory cytokine IL-10. This effect was only observed for the t=14 and t=26
digesta and therefore it was likely caused by products formed during fermentation, like
metabolic products of protein fermentation and other bacterial metabolites such as ATP,
lipoteichoic acid, polysaccharide A, peptidoglycan, RNA/DNA sequences and
exopolysaccharide [45]. The most pronounced attenuating effect by digesta of medium
supplemented with native and enzyme-treated oat B-glucan was observed for IL-6
production. The strongest attenuation of IL-6 was observed for the digesta of fermentations
with faecal inoculum of 2-week-old infants. Incubation with t=14 and t=26 digesta resulted
in a significant lower induction of IL-6 compared to the controls. In addition, the t=26 digesta
of enzyme-treated oat B-glucan resulted in a significant lower IL-6 production compared to
the t=26 digesta of native oat B-glucan. The observed difference in DC stimulating capacity
could possibly be explained by the formation of lactate which was only observed during the
fermentation of enzyme-treated oat B-glucan. Lactate is the main end-product of the
fermentation of carbohydrates by Enterococcus [46] and has been reported to modulate
cytokine responses resulting predominantly in reduced inflammation in PBMCs and
monocytes [47].

Despite the absence of glucan degradation and lactate formation, the digesta of medium
supplemented with native oat B-glucan displayed significant immune attenuating effects.
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As with fermentation of both medium supplemented with native and enzyme-treated oat
B-glucan a clear increase in Enterococcus was observed, it is suggested that the microbiota
composition plays an important role in the attenuation of the pro-inflammatory cytokine
responses. The unfermentable native oat B-glucan resulted in a lower abundance of
Enterococcus after 26 h of fermentation than the fermentable enzyme-treated oat B-glucan.
Next to the SCFAs, the differences in relative abundance of Enterococcus could thus also
possibly explain the difference in DC stimulation capacity between native and enzyme-
treated oat B-glucan digesta. Although the bacterial content was removed from the digesta
before incubation with DCs in our experiments, the presence of soluble immune-active
bacterial fragments in the digesta might be possible, as exemplified for the supernatant of
a Lactobacillus casei cell wall extract [48].

Enterococcus have been associated with immunomodulatory functions and gut health in
several studies. For example, a cohort study by Bjorksten et al. found a negative correlation
between the colonization of Enterococcus in the first year of life and the development of
allergies [49]. Other in vivo studies observed a correlation between E. faecium and the
reduction of infections in the gut, as reviewed by Franz et al [50]. There are also multiple
studies demonstrating immunomodulatory properties of E. faecalis on different cell types.
For example, E. faecalis could upregulate IL-10 through PPARy1 activation in colonic cell
lines [51]. A study by Wang et al. showed that several strains of E. faecalis isolated from new-
born infants downregulated IL-8 secretion in Caco-2, HT-29 and HCT116 intestinal cell lines
[52]. Interestingly, the immune attenuating effects were virtually gone when the
carbohydrate moieties on the cell surface of E. faecalis were oxidized. This indicates the
carbohydrates present on the cell surface of E. faecalis are the major effector molecules for
regulating IL-8 secretion [52]. An additional study by Wang et al. demonstrated that IL-8
secretion in intestinal cell lines is attenuated by E. faecalis through inhibition of MAPK
signalling pathways. This effect was suggested also to be caused by factors on the exterior
cell wall of the bacteria [53]. As such, it can be hypothesized that the enzyme treatment
induced the immune-attenuating effect of native oat B-glucan due to the increased
stimulation of Enterococcus and consequent production of lactate during the fermentation.
As Dectin-1 receptors are important B-glucan binding receptors present on DCs [54], we
tested the immune stimulating capacity of our digesta on Dectin-1 reporter cell lines. The
t=0 digesta of medium supplemented with the native and enzyme-treated oat B-glucan did
not stimulate the Dectin-1 receptors. This is in line with an earlier study showing that
particulate B-glucans induce stronger immune responses than soluble B-glucan [14], as in
our study we used soluble B-glucan while in addition any insoluble material was removed
from the digesta by centrifugation and filtration prior to incubation with the receptors. The
absence of any insoluble material could possibly also explain why we did not observe an
increase in Dectin-1 stimulation after endoglucanase treatment as observed before [16].
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Both the Dectin-1a and Dectin-1b receptors were strongly activated by the t=14 and t=26
digesta of both native and enzyme-treated oat B-glucan, fermented with either inoculum of
2- or 8-week-old infants. It is unlikely that conformational changes of oat B-glucan played a
role in the receptor activation as reported elsewhere [55], as the stimulatory effects of the
t=14 and t=26 digesta of the unfermentable native oat B-glucan and the fermented enzyme-
treated oat B-glucan were very similar. This finding also indicates that the degradation of
the enzyme-treated oat B-glucans and the consequent lactate production are not
responsible for the observed effects. It is tempting to speculate that the observed Dectin-1
activation is an (in)direct consequence of the increase in Enterococcus. Although, fungal -
glucan with B(1->3) glycosidic bonds is the commonly accepted agonist of Dectin-1, there
are reports of Dectin-1 activation by B(1¢>1) trehalose [56], mannoprotein [56], lipopeptide
[57] and bacterial cell walls [[48,58]]. As such, it could be hypothesized that the complex cell
wall of Enterococcus containing amongst others lipoteichoic acid, surface proteins and
capsular polysaccharides [59], plays a role in the activation of Dectin-1 receptors as observed
in our study. The activation of Dectin-1 receptors has been reported to have immune
effects. For example, in macrophages, Dectin-1 regulates IL-10 and induced regulatory
macrophage markers [60]. The ability of the t=14 and t=26 digesta to stimulate Dectin-1
activation therefore might contribute to the immune attenuating effects we observed in
DCs.

Conclusions

Our data shows that the fermentation capacity of oat B-glucans by faecal microbiota of 2-
and 8-week-old infants increases after endo-1,3(4)-B-glucanase treatment. Both native and
enzyme-treated oat B-glucans can attenuate pro-inflammatory responses, which was more
pronounced for enzyme-treated oat B-glucans. The attenuation is suggested to be caused
by the stimulation of Enterococcus upon fermentation and by the increase stimulation of
Dectin-1 receptors by the fermentation digesta. Hence, this study shows that especially
enzyme-treated oat B-glucans are highly relevant for infant formula as they exert beneficial
effects on both microbiota composition and immunomodulation in infants.
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Supporting information

Table S1 Overview of characterized oligomers formed upon enzymatic treatment of oat B-glucans
with the relative abundance of the MS2 and MS3 fragments with m/z 263 with a: product ion with
m/z 505, b: product ion with m/z 667 and Tr: retention time. Relative abundance of each component
is determined by integration of peak areas in UHPLC-PGC-MS with sum of all as 100%.

eak Tr _ relative ) o . MS? MS3? confirmation

pno. (min) [M-H] abundance tentative / conclusive identification /7 263 m/z 263 by available
(%) (%) (%)  reference

2a 6.7 343 27 B-D-Glc-(1->4)-D-Glc n.d. +

3a 11.1 505 8 B-D-Glc-(1-34)-BD-Glc-(1-34)-D-Glc 20.8 +

3b 12.4 505 2 B-D-Glc-(1->3)-BD-Glc-(1-4)-D-Glc 0.2 +

4a 153 667 58 B-D-Glc-(1-33)-B-D-Gle-{1-34)-B-D-Gle-(1->4)-D-Glc 0.7 8.3? -

5a 19.3 829 5 B-D-Glc-(1-4)-B-D-Glc-(1-3)-B-D-Glc-(1->X)- 2.7 0.4° -

B-D-Glc-(1->X)-D-Glc
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Figure S1 Percentages of remaining enzyme-treated oat B-glucan oligomers during in vitro
fermentation using pooled faecal inoculum of 2- (A) and 8- (B) week-old infants. Concentrations per
oligomer in the original enzyme-treated oat B-glucan were set at 100%. Chemical structures of
oligomer 2a, 33, 3b, 4a and 5a are summarized in Table S1.
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Figure S2 Relative abundance of bacteria at the highest classified taxonomy in fermentation digesta
collected at the start and after 14 and 26 h from in vitro fermentation containing solely SIEM
medium and faecal inoculum of 2- and 8-week-old infants.
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Figure S3 Relative abundance of Enterococcus Amplicon Sequencing Variants in duplicate
fermentation digesta collected at the start and after 14 and 26 h from in vitro fermentation of media
supplemented with native oat B-glucan (OBG) and enzyme-treated oat B-glucan (eOBG) using
pooled faecal inoculum of 2- and 8-week-old infants.
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Table S2 Sequences of Enterococcus ASVs 39703836 and 39703838.

ASV 39703836
TGGTAGTCCACGCCGTAAACGATGAGTGCTAAGTGTTGGAGGGTTTCCGCCCTTCAGTGCTGCAGCAAAC
GTCACTTTGTCCCCGAAGGGAAAGCTCTATCTCTAGAGTGGTCAAAGGATGTCAAGACCTGGTAAGGTTC

ASV 39703838
TGGTAGTCCACGCCGTAAACGATGAGTGCTAAGTGTTGGAGGGTTTCCGCCCTTCAGTGCTGCAGCTAAC
GTCACTTTGCCCCCGAAGGGGAAGCTCTATCTCTAGAGTGGTCAAAGGATGTCAAGACCTGGTAAGGTTC
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Figure S4 Production of SCFAs, lactic acid and succinic acid upon in vitro fermentation containing
solely native oat B-glucan (OBG) / enzyme-treated oat B-glucan (eOBG) and SIEM medium (A) or
infant faecal inoculum and SIEM medium (B). The acetate in the control fermentation without added
inoculum is primarily originating from the sodium acetate buffer used in the OBG and eOBG
preparation.
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Touching the high complexity of prebiotic Vivinal galacto-
oligosaccharides using porous graphitic carbon ultra-high-
performance liquid chromatography coupled to mass
spectrometry.

Abstract

Galacto-oligosaccharides (GOS) are used in infant formula to replace the health effects of
human milk oligosaccharides, which appear to be dependent on the structure of the
individual oligosaccharides present. However, a comprehensive overview of the structure-
specific effects is still limited due to the high structural complexity of GOS. In this study,
porous graphitic carbon (PGC) was used as stationary phase during ultra-high performance
liquid chromatography-mass-spectrometry (UHPLC-MS). This approach resulted in the
recognition of more than 100 different GOS structures in one single run, including reducing
and non-reducing GOS isomers. Using NMR-validated structures of GOS trisaccharides, we
discovered MS fragmentation rules to distinguish reducing isomers with a mono- and di-
substituted terminal glucose by UHPLC-PGC-MS. UHPLC-PGC-MS enabled effective
recognition of structural features of individual GOS components in complex GOS
preparations and during e.g. biological conversion reactions. Hence, this study lays the
groundwork for future research into structure-specific health effects of GOS.

Logtenberg, M.J.; Donners, K.M.H.; Vink, J.C.M.; van Leeuwen, S.S.; de Waard, P.; de Vos,
P.; Schols, H.A. Journal of Agricultural and Food Chemistry; 2020; 68: 7800-7808.
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Introduction

Postnatal nutrition has a lifelong impact on health and well-being as it guides the
development of the complex interactions between the intestinal microbiota and the
gastrointestinal immune system [1,2]. Although breast milk is still considered the gold
standard, many types of infant formula are nowadays commercially available for those
infants for which exclusive breastfeeding is not an option. Oligosaccharides present in
human milk (HMOs) function as prebiotics and have a direct effect on immunity by
supporting the development of the gut barrier [3,4]. Currently only a limited number of less
complex HMOs such as 2'FL, 3'SL and LNT are commercially available and applied in infant
formula [5]. Therefore, predominantly galacto-oligosaccharides (GOS) and the less complex
fructo-oligosaccharides (FOS) are used as substitute to replace the health effects of HMOs
in infant formula [6).

GOS are produced by hydrolysis and transgalactosylation of lactose, which process is
catalysed by B-galactosidase [7]. This results in galactose chains with a terminal reducing
glucose or galactose unit, varying in the degree of polymerization (DP) from 2-8 and in the
type of glycosidic linkage; B(1-2), B(1-3), B(1-4) and B(1-6) [7]. Besides GOS with a free
anomeric carbon at the terminal position (reducing GOS), also non-reducing GOS containing
the structural motif a-p-Glcp-(1¢>1)-B-p-Galp or B-b-Glcp-(1¢>1)-B-b-Galp have been
reported [8-10]. The source of the enzyme has a large influence on both the regioselectivity
of the enzyme and the size of the produced oligosaccharides, resulting in mixtures enriched
in either B(1-3)-, B(1-4)- or B(1-6)-linked galactose residues [11]. As the applied enzymes vary
in industry, several structurally distinct GOS mixtures are commercially available [12,13].
The prebiotic effects of GOS vary depending on its monomer composition, type of glycosidic
linkages and DP [14-17]. For example, previous in vitro studies with pig and human faecal
microbiota showed the preference of microbiota for degradation of B(1-2)- and B(1-3)-
linkages over B(1-4)- and pB(1-6)-linkages [14,15]. In studies aiming on restoring
Bifidobacterium levels in antibiotic-disrupted microbiota from adults, GOS DP24 was more
efficient than GOS DP<3 [14]. Also, immune effects are demonstrated to depend on the
structure of GOS, as DP2 and DP3 showed to have a higher protective effect on the intestinal
barrier integrity than higher DPs [18]. However, to date, there is little evidence of the exact
relationship between the structure of individual GOS components and their prebiotic and
immune effects [14-18], which could be partly explained by the lack of high-throughput
characterisation methods which enable the recognition of individual GOS components in
complex GOS preparations and during e.g. biological conversion reactions.

Over the past decade several studies described the characterization of GOS using
techniques such as hydrophilic interaction chromatography (HILIC) coupled to mass
spectrometry (MS) [13] and preparative HILIC of DP fractions prior to *H and *3C nuclear
magnetic resonance (NMR) analysis [8]. The study by van Leeuwen et al [10] offers probably
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the most comprehensive overview so far of the different components present in Vivinal
GOS, a commercial GOS mixture produced by a Bacillus circulans B-galactosidase [19].
Preparative high performance anion exchange chromatography combined with pulsed
amperometric detection (HPAEC-PAD) of DP fractions prior to *H and 3C NMR analysis
revealed more than 40 different components [10]. The employed Bacillus circulans B-
galactosidase introduced B(1-2), B(1-3), B(1-4) and B(1-6) elongations on the reducing
glucose residue. However, longer oligosaccharides (DP>4) were reported to be mainly B(1-
4)-elongations of acceptor disaccharides and trisaccharides by B-b-Galp [10,11].
Nonetheless, HPAEC-based characterization methods alone might not be suitable for
structure-function studies in which the complex relation between the structure of GOS and
a specific bioactivity is monitored. Co-elution of isomers and GOS structures having a
different DP hinders the annotation of individual GOS [10]. Labour-intensive size-exclusion
chromatographic (SEC) fractionation of GOS into its constituent DPs prior to analysis will
help, but is not suitable for structure-function studies. Porous graphitic carbon (PGC)
chromatography could potentially overcome this limitation. The retention mechanism of
this stationary phase is based on size, type of linkage and resulting 3D-structure of
oligosaccharides [20]. As such, PGC chromatography provides adequate separation of GOS
and HMOs and has a high sensitivity [21,22]. The excellent chromatographic resolution even
resulted in the partial separation of a- and B- anomers [23], although complicating the
already complex elution pattern. Reduction of the oligosaccharides prior to analysis avoids
the occurrence of such double peaks, while maintaining a good separation of the different
oligosaccharides #2.

PGC with ultra-high performance liquid chromatography (UHPLC) is highly compatible with
MS, which enables the characterization of galacto-oligosaccharides based on m/z and MS?
fragmentation spectra. Nonetheless, MS fragmentation pathways of derivatized galacto-
oligosaccharides are highly complex and partly unknown [13] [24]. Hence, NMR generally
proves to be highly valuable for the conclusive characterization of oligosaccharides [25].

In this study a high-throughput characterization method was developed for GOS based on
UHPLC-PGC-MS. Both SEC and preparative UHPLC-PGC-MS were applied to obtain pure
isomers representing different isomer classes. These isomers were analysed with NMR to
be able to connect the structure to the observed MS? fragmentation. The developed
characterization method will provide novel insight in the complexity of GOS mixtures
currently applied in infant formula and ultimately will contribute to a better understanding
of structure-specific health effects of GOS.
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Material and methods

Materials

Purified Vivinal® GOS was kindly provided by Friesland Campina DOMO (Beilen, The
Netherlands). Vivinal® GOS was fractionated to obtain the purified Vivinal® with <3% (w/w
dry matter) monomers and lactose. In short, the lactose present in Vivinal® GOS was
hydrolysed, followed by removal of the monosaccharides by nanofiltration.

GOS DP3 standards B-3’-Galactosyl-lactose, B-4’-Galactosyl-lactose and B-6’-Galactosyl-
lactose were purchased from Carbosynth (Berkshire, UK).

Fractionation of Vivinal GOS

Fractionation on DP using Size Exclusion Chromatography

Vivinal GOS was fractionated on DP by size exclusion chromatography (SEC) using an AKTA
purifier system (GE Healthcare, Chicago, United States). GOS (20 mg/ml, 5 ml) was injected
into three serially connected Hiload 26/60 Superdex 30 preparative grade columns with
each a column volume of 300 ml (GE Healthcare). The temperature was set at 35°C and the
flowrate at 2.6 ml H,O/min. A refractive index (RI) detector (Shodex RI-72, Yokohama,
Japan) was used to monitor the elution. Eluent containing GOS was collected in 5 ml
fractions using a Frac-950 fraction collector (GE Healthcare). Subsequently, fractions were
analysed using matrix-assisted laser desorption/ionisation time of flight mass spectrometry
(MALDI-TOF-MS) as described previously [26] to determine the molecular weight of GOS
present in the fractions. The fractions with a purity of at least 90% according to the signal
intensity as measured by MALDI-TOF-MS were pooled. Fractions containing DP3 which
eluted between 720 and 740 ml, of multiple runs were pooled and freeze-dried. Based on
elution pattern and m/z, also DP1, 2, 4, 5, 6 and 27 were combined per DP and freeze-dried.
Weights obtained per DP were used to determine the relative abundance of the different
DPs in purified Vivinal GOS.

Reduction of purified GOS DP3

Prior to further fractionation, 100 mg of purified GOS DP3 was subjected to reduction
conditions and subsequently purified by solid-phase extraction (SPE). Freshly prepared 0.5
M sodium borohydride (NaBH4) was added to GOS DP3 (1.25 mg/ml) in a ratio 1:1 (v/v) and
incubated overnight at room temperature. Cartridges (bed weight: 250 mg, column volume:
3 ml, Carbograph, Supelclean ENVI carb; Sigma Aldrich, St. Louis, MO, USA) were activated
with 1.5 ml of 80:20 (v/v) acetonitrile (ACN)/H,0, followed by 4x 1.5 ml H,0. The reduced
GOS DP3 including non-reducing isomers ((1-1)-linkage) (10 ml) were loaded on the
cartridge, after which the cartridge was washed 2 times with 2 ml H,0. Subsequently
reduced (including non-reducing) GOS DP3 were eluted with 2x 1.5 ml of 40:60 (v/v)
ACN/H,0. Eluted reduced (including non-reducing) GOS were dried at 30°C under nitrogen
gas, re-solubilized in H,0 and freeze-dried.
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Fractionation of reduced (including non-reducing) DP3 using preparative

UHPLC-PGC-MS

Fractionation was performed on a Waters preparative LC-MS system, equipped with a 2767
sample manager, 2545 quaternary gradient module, fluid organizer, 3100 mass detector
and 2998 photodiode array detector (Waters, Milford, MA, USA). Reduced (including non-
reducing) GOS DP3 (95 mg/ml, 0.5 ml) was centrifuged (5 min, 15 000g) and injected onto a
porous graphitic carbon (pgc) column (150 mm x 21.2 mm, 5 um particle size, Hypercarb;
Thermo Scientific, San Jose, CA, USA). The flow rate was set at 18.34 ml/min. Mobile phase
A consisted of: ULC-MS water + 0.1% (v/v) formic acid and B: acetonitrile (ACN) + 0.1% (v/v)
formic acid. The gradient applied was as follows: 0-80.8 min, 3-11% B; 80.8-95.3 min, 11-
100% B; 95.3-109.9 min, 100-3% B, followed by equilibration at 3% B. Fractions of 6.1 ml
were collected and analysed using analytical UHPLC-PGC-MS (2.3.2). Fractions were pooled
based on the retention time and MS? fragmentation of the isomer present. Only fractions
with a purity of 90% according to the signal intensity as measured by analytical UHPLC-PGC-
MS were pooled. Afterwards ACN was evaporated under a stream of nitrogen gas and the
remaining water phase was freeze-dried.

Characterization of Vivinal GOS DP3

Determination monosaccharide composition Vivinal GOS DP3

The monosaccharide composition of reduced (including non-reducing) Vivinal GOS DP3 was
determined using HPAEC-PAD. Prior to analysis reduced (including non-reducing) Vivinal
GOS DP3 was completely hydrolysed using trifluoroacetic acid (TFA) and subsequently
dissolved in 2M TFA (0.2 mg/ml). After an incubation of 1 h at 121°C, TFA was evaporated
under a stream of air at 40°C. The dried sample was resolubilized in water (0.025 mg/ml)
and centrifuged (5 min, 15 000g). Ten pl of sample was injected to an ICS5000 system
(Dionex, Sunnyvale, CA, USA) with a CarboPac PA-1 column (250 mm x 2 mm ID), a CarboPac
PA guard column (25 mm x 2 mm ID) and a ISC5000 ED detector (Dionex) in the PAD mode.
The flow rate was set at 0.4 ml/min. Mobile phase A (0.1 M sodium hydroxide), B (1 M
sodium acetate in 0.1 M sodium hydroxide) and C (H,0) were used with the following
elution profile: 0-35 min, 100% C; 35.1-50 min, 100% A — 40% B; 50.1-55 min, 100% B; 55.1-
63 min, 100% A; 63.1-78 100% C. Post-column addition of 0.5M NaOH at 0.1 ml/min was
performed between 0-35 min and 63.1-78 min. Galactose and glucose standards were
included in the analysis. The data were analysed using Chromeleon 7.0 (Thermo Scientific).

Analytical UHPLC-PGC-MS

Reduced (including non-reducing) GOS DP3 isomers were analysed on an Accela UHPLC
system (Thermo Scientific) coupled to a mass spectrometer (LTQ Velos Pro ion trap MS,
Thermo Scientific) as described elsewhere with some minor modifications [27]. Samples (0.5
ul, 0.25 mg/ml) were injected on a Hypercarb PGC column (3 um particle size, 2.1 mm x 150
mm) in combination with a Hypercarb guard column (3 um particle size, 2 mm x 10 mm;
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Thermo Scientific). As mobile phase A: ULC-MS water + 0.1% (v/v) formic acid was used.
Mobile phase B consisted of ACN + 0.1% (v/v) formic acid. The flow rate was 300 pl/min.
The solvents were eluted according to the following profile: 0-2 min, 3% B; 2-51.7 min, 3-
11% B; 51.7-53.2 min, 11-100% B; 53.2-61 min, 100% B; 61-62.5 min, 100-3% B; 62.5-70.3
min, 3% B. The temperatures of the autosampler and column oven were controlled at 10
and 25°C respectively. ULC-MS water containing 3% ACN was used to wash the autosampler
needle. DP3 standards B-3-Galactosyl-lactose, B-4-Galactosyl-lactose and B-6-Galactosyl-
lactose were used for the identification of GOS isomers. Vivinal GOS was analysed to identify
the DP3 isomers in the Vivinal GOS mixture. Prior to analysis both the standards and Vivinal
GOS were reduced and purified using a small-scale SPE method as described elsewhere [27].
Data acquisition and processing were performed using Xcalibur (version 2.2, Thermo
Scientific).

NMR

GOS DP3 isomer fractions (approximately 100 ug) were dissolved in 1 ml 99.8% deuterium
oxide (D,0) to exchange all protons of the sugar hydroxyl groups with deuterium. The
samples were freeze-dried, dissolved in 0.7 ml 99.8% D,0 and transferred into a NMR-tube.
A small droplet of acetone was added on the top of the inside of the tube as an internal
standard. This droplet was evaporated for 10 s and then mixed in with the sample and set
on 6=2.225 ppm for H spectra and on § =31.55 ppm for 3C spectra.

Results

Vivinal GOS is highly complex

The complete Vivinal GOS preparation was analysed using UHPLC-PGC-MS after reduction
of all reducing ends. Figure 1 shows the presence of a large number of oligosaccharides in
Vivinal GOS. The structural complexity of Vivinal GOS becomes even more apparent when
the m/z values are selected for each DP (Figure 1), which shows the large variety of isomers
per DP.

The non-reducing isomers containing a (1-1)-linkage were easily distinguished based on a
m/z difference of 2 as they could not be reduced by NaBH,4 Non-reducing DP3 isomers
showed an overlap in retention time with reducing DP3 isomers (Figure 2). Taking into
account their relatively low abundance, most non-reducing DP3 isomers would not have
been detected without reduction prior to analysis. In total, UHPLC-PGC-MS of reduced
Vivinal GOS enabled the identification of 15 non-reducing and 23 reducing DP3 isomers.
Theoretically, each DP3 isomer could be further elongated during GOS production by -
galactosidase via either a (1-3)-, B(1-4)-, B(1-6)- or B(1-2)-linkage resulting in 4 distinct DP4
isomers for each distinct DP3 isomer, which number would be even higher when branching
of the backbone is taken into consideration. However, Vivinal GOS DP4 is ‘only’ composed
of 21 reducing and 13 non-reducing isomers (Figure 3) and DP5 of 24 reducing and 11 non-
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reducing isomers (Figure 4). This finding confirms the presence of homologue series as
reported in a previous study [10] with longer oligosaccharides (DP24) presented by B(1-4)-
elongations of acceptor disaccharides and trisaccharides by B-p-Galp. Additionally, reducing
isomers are most dominant in each DP as they contributed to 86, 87 and 84% of the peak
area of DP3, DP4 and DP5 respectively. For further characterization the focus will be on DP3
as it will also give us insights in the structures of higher DPs.

DP6

DP5

DP4

T U1 I U S
JLM_J& DP2
MLM_JL\_I\M/ L)\_M A ’\ a j Vivinal GOS

5 10 15 20 25 30 35 40 45 50
Time (min)

Relative abundance (-)

Figure 1 UHPLC-PGC-MS profile of reducing and non-reducing Vivinal GOS and of DP 2-6 after
selection of the appropriate m/z for that DP. All elution profiles were normalised to the actual
contribution of each DP to the total mixture.
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Figure 2 UHPLC-PGC-MS profile of Vivinal GOS DP3 with selection of A: reducing (m/z 505, 551
(M+FA)) and B: non-reducing (m/z 503, 549 (M+FA)) isomers. Most abundant peak in both
chromatograms was set at 100%. Peak numbers correspond to characterized GOS isomers in Table 1
with r: reducing isomers and n: non-reducing isomers ((1-1)-linked).
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Figure 3 UHPLC-PGC-MS profile of Vivinal GOS DP4 with selection of A: reducing (m/z 667, 713
(M+FA)) and B: non-reducing (m/z 665, 711 (M+FA)) isomers. The most abundant peak in both
chromatograms was set at 100%. Peak numbers of the reducing isomers (r) correspond to the

different reducing GOS DP4 isomers in Table S3. Peak numbers of the non-reducing isomers (n) only
present the different non-reducing GOS DP4 isomers.
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Figure 4 UHPLC-PGC-MS profile of Vivinal GOS DP5 with selection of A: reducing (m/z 829, 875
(M+FA)) and B: non-reducing (m/z 827,873 (M+FA)) isomers. The most abundant peak in both
chromatograms was set at 100%. Peak numbers present the different reducing (r) and non-reducing
(n) GOS DP5 isomers.
Characterisation of Vivinal GOS DP3
Characterisation of GOS DP3 isomers was based on analytical UHPLC-PGC-MS covering all
isomers. NMR analysis of pure isomers representing different isomer classes was performed
to link the structures to the observed MS? fragmentation. This provides deeper insight into
the fragmentation behaviour of GOS. Additionally, the constituent monomer composition
was determined using hydrolysis prior to HPAEC analysis. In the following paragraphs the
characterisation of various isomers will be further described.

Characterisation of purified GOS DP3 isomers using NMR

NMR is used for the characterization of GOS DP3 isomers representing different isomer
classes. The purity of the isomers is of importance for NMR analysis. Due to substantial
overlap of isomers with different DP (Figure 1), Vivinal GOS was first fractionated on size
(DP) using SEC to facilitate further fractionation on isomer level. According to the weight
obtained per DP, their relative abundance in Vivinal GOS was as follows: DP1, 2%; DP2, 11%;
DP3, 46%; DP4, 25%; DP5, 10%; DP6, 4% and DP>7, 2%. The obtained GOS DP3 pool was
reduced and further fractionated by preparative UHPLC-PGC-MS to obtain pure isomers.
Preparative UHPLC-PGC-MS showed a similar peak resolution when compared to the
analytical method (data not shown). In total 4 different GOS DP3 isomers representing
different isomer classes (Figure 2; no. 4,, 13,, 21, and 13,) were obtained for further NMR
analysis in sufficient amount and purity.
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From the NMR data all *H and *3C chemical shifts could be determined for the four isolated
structures (Table S1). The chemical shift patterns of the two Gal residues B and C of
structures 4, and 13, fit with data expected for non-reducing terminal B-b-Galp residues.
This suggests a structure with two terminal Gal residues, indicating a di-substituted glucitol
residue A [10]. For structure 4, the glucitol residue A showed H-2;C-2 and H-4;C-4 chemical
shifts that significantly shifted from literature data for glucitol [28], indicating a di-
substituted glucitol residue at positions O-2 and O-4. The heteronuclear multiple bond
correlation (HMBC) spectrum showed correlations between C H-1:C-1 and A H-2:C-2 and
between B H-1:C-1 and A H-4:C-4. These data fit the structure B-p-Galp-(1->2)[B-b-Galp-
(1->4)]GIc-ol. For structure 13, the H-2:C-2 and the H-6a/b:C-6 are significantly shifted,
indicating substitution at these positions. The HMBC spectrum showed correlations
between B H-1:C-1 and A H-6a/b:C-6 and between C H-1:C-1 and A H-2:C-2, confirming the
disubstitution of glucitol residue A. These data lead to structure B-p-Galp-(1->2)[B-p-Galp-
(1->6)]-Glc-ol. Structure 21, showed only a shifted H-4;C-4 in the glucitol residue, fitting a
monosubstituted glucitol residue. Residue B showed a chemical shift pattern matching a 4-
substituted B-b-Galp residue, while residue C matched with a terminal B-D-Galp residue
(Table S1). These data lead to a B-p-Galp-(1->4)-B-p-Galp-(1->4)-Glc-ol structure. The NMR
spectra of structure 13, matched exactly with data for the non-reducing GOS structure B-b-
Galp-(1->4)-a-p-Glcp-(14¢>1)-B-b-Galp reported previously [9].

Ratio of galactose and glucose monomers in Vivinal GOS DP3

Theoretically both glucose and galactose could be present at the reducing end of GOS, as
lactose, galactose and glucose can serve as acceptor for the enzyme-galactose complex in
the transgalactosylation reaction [29]. In contrast to NMR, UHPLC-PGC-MS analysis does not
allow the conclusive differentiation between galactose and glucose monomers. Therefore,
the monosaccharide composition of Vivinal GOS DP3 was determined using hydrolysis prior
to HPAEC analysis. Galactose and glucose are present in 2.1:1 ratio in Vivinal GOS DP3. This
means that only 3.4% of all GOS DP3 isomers is composed of three galactose monomers.
The preference for glucose or lactose as acceptor in the transgalactosylation reaction was
supported by previous in-depth characterization of Vivinal GOS, where the presence of
isomers with a galactose at the reducing end was limited to DP2 [10]. For further
characterization using UHPLC-PGC-MS it is thus assumed that glucose is present at the
reducing end of the GOS DP3 isomers.

Characterization of DP3 isomers using UHPLC-PGC-MS

Analytical UHPLC-PGC-MS was used for the characterization of reduced and non-reducing
GOS DP3 isomers present in Vivinal GOS. First of all, B-3’-Galactosyl-lactose (Figure 2; no.
20,), B-4’-Galactosyl-lactose (no. 10,) and pB-6’-Galactosyl-lactose (no.18,) were
characterized based on comparison of retention time and MS? fragmentation to those of
the corresponding commercial standards.
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Linkage-specific cross-ring MS? fragmentation was investigated to determine B(1-4)- and
B(1-6)-linkages, as described in previous studies of GOS [30,31]. The fragment ions are
described according to the nomenclature of Domon and Costello [32] The presence of %2A,(-
H,0) and the absence of %3A; cross-ring fragments indicate B(1-4)-linkages, whereas the
presence of %3A; and the absence of %2A;(-H,0) cross-ring fragments indicate B(1-6)-
linkages, with ions at m/z 263 for %2A,(-H,0) and at m/z 251 for ®3A; cross-ring fragments in
negative ionisation (NI) mode [30,31]. These MS fragmentation rules were confirmed by the
MS fragmentation behaviour of known GOS DP3 structures present in pure form.
Unfortunately, these rules are only applicable for linkage identification at the non-reducing
end due to disappearance of the ring structure upon reduction. Nonetheless, these MS
fragmentation rules resulted in the partial characterization of four reducing isomers; no. 3,,
no. 5, no. 7, and no. 14, (Figure 2) representing B-b-Galp-(1->6)-B-b-Galp-(1->X)-b-Glc, B-b-
Galp-(1->6)-B-p-Galp-(1->X)-p-Glc, B-b-Galp-(1->4)-B-b-Galp-(1->3/6)-p-Glc and B-b-Galp-
(1->6)-B-p-Galp-(1>X)-p-Glc respectively. MS? fragmentation of GOS DP3 isomers is
summarized in Table S2.

Furthermore, comparison of the MS? fragmentation spectra of the selected isomers
characterised by NMR no. 4, no. 21,, no. 10, and no. 13, resulted in MSfragmentation rules
to distinguish mono- and disubstitution of the glucitol (Figure 5). The dominance of an Z,
fragment with m/z 325 indicates a disubstituted glucitol, whereas the dominance of Y,
fragment with m/z 343 indicates a monosubstituted glucitol with 2 consecutive galactose
units. In total 7 out of 23 reducing GOS DP3 isomers are composed of a disubstituted
glucitol. The fragmentation rule can also be applied to higher DPs. For reducing GOS DP4
isomers clear differences in relative abundance were observed between 73 (m/z 487) and Y
(m/z 505) fragments in the mass spectra (Table S3). Interestingly, also for DP4 7 isomers
with a disubstitution were detected. Additionally, PGC-elution patterns were comparable
for DP3 and DP4 with on average lower retention times for disubstituted isomers. Taking
into account the presence of homologous series, these findings suggest that also for DP4
disubstitution is located at the glucitol residue.

For the characterization of the non-reducing DP3 isomers, the same cross-ring MS
fragmentation rules were applied. MS2 fragmentation did not provide conclusive
information on the type of linkage or monomers present in each non-reducing isomer.
Nonetheless, in total 6 non-reducing isomers with a B(1-4)-linkage and 2 non-reducing
isomers with a 3(1-6)-linkage were identified.

An overview of all conclusively- and tentatively characterized or unknown GOS isomers are
shown in Table 1 and 2 for respectively reducing and non-reducing isomers. Peak numbers
correspond to numbered peaks in Figure 2. In total 29 out of 38 reducing and non-reducing
GOS DP3 isomers were partially or completely characterized. The developed
characterization method based on UHPLC-PGC-MS thus showed us that Vivinal GOS DP3 is
highly diverse.
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Figure 5 Fragmentation spectra (ESI MS2) in negative mode of GOS DP3 isomers A: no. 4r, B: no. 21r,
C: no. 10r, D: no. 13r. The proposed routes of formation of the fragment ions which are used to
distinguish reducing isomers with a mono- and di-substituted glucitol, are indicated in the spectra.
The fragment ions are described according to the nomenclature of Domon and Costello [32].The m/z

of precursor ion was 505.
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Table 1 Overview of conclusively and tentatively characterised or unknown reducing GOS DP3
isomers.

peak graphical relative substitution : c
no.  structure?@ abundance (%)b glucitol chemical structure
L 2 0.2 disubstituted X
2r & 0.1 disubstituted X
3r O\O/Q 0.1 monosubstituted (1->6)(1>X)
4r O_g 2.3 disubstituted B-o-Galp-(1-2)-[B-b-Galp-(1->4)-]o-Glc
Sr %. 1.3 monosubstituted (1-6)(1->X)
?
6r ? 0.2 disubstituted X
?
7r 1.4 monosubstituted (1=>4)(1->3/6)
@@
8r 0.6 monosubstituted X
9r gty 0.5 monosubstituted X
1or O-O@ 37.8 monosubstituted  B-p-Galp-(1->4)-B-b-Galp-(1-4)-p-Glc
?
11r 1:5 disubstituted X
?
12r 0303. 2.8 monosubstituted X
13r g 11.2 monosubstituted  B-p-Galp-(1-4)-B-b-Galp-{1->2)-p-Glc
14r %/, 1.6 monosubstituted (1-6)(1->X)
15r 0.3 X
16r OT,O—g. 8.9 monosubstituted X
17r ? 8.2 disubstituted X
?
18 O 2.9 monosubstituted  B-p-Galp-(1->6)-p-p-Galp-(1-4)-0-Glc
19r 0.6 X
20r (jo_. 1.4 monosubstituted  B-o-Galp-(1-»3)-B-b-Galp-(1->4)-0-Glc
21r Og 2.3 disubstituted B-p-Galp-(1->2)-[B-p-Galp-(1->6)-]o-Glc
22r 0.7 monosubstituted X
23r o= 1.1 monosubstituted X

2 included for conclusively and tentatively characterized isomers, yellow: galactose, blue: glucose and
?: unknown type of glycosidic linkage
determined by integration of peak areas in UHPLC-PGC-MS with sum of both reduced and
non-reducing DP3 isomers set at 100%

CX: unknown
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Table 2 Overview of conclusively and tentatively characterised or unknown non-reducing GOS DP3
isomers.

peak no. gs';?gpt'ﬁféa abJﬁLa;L"ci (%) chemical structure®

1n 0.1 X

2n 0.04 (124)(1¢21) / (1631)(44-1)
3n 0.6 X

4n 06 (154)(1¢31) / (1€31)(41)
5n 0.1 (196)(1651) / (1631)(6¢-1)
6n 0.2 (1-4)(1631) / (1631)(4€-1)
n 0.2 X

&n L5 (154)(1¢31) / (L&31)(4€1)
9n 0.2 X

10n 37 (14)(1631) / (1&31)(4€1)
11n 0.2 X

12n 0.5 (156)(1631) / (161)(6€1)
13n m 3.9 B-p-Galp-(1-4)-a-p-Glcp-(14¢=>1)-B-o-Galp
14n 0.3 X

15n 0.2 X

3 included for conclusively characterized isomers, yellow: galactose, blue: glucose
determined by integration of peak areas in UHPLC-PGC-MS with sum of both reduced and
non-reducing DP3 isomers set at 100%

€ X: unknown

Discussion

The glycosidic linkage and the degree of polymerization (DP) of galacto-oligosaccharides
(GOS) affect their bioactivity as observed for fermentability and consequent health effects
[14-18], but solid evidence for these structure-function relationships is still limited. This is
partially due to the high complexity of GOS with several GOS isomers present per DP. In this
study, a high-throughput characterization method based on UHPLC-PGC-MS was developed
to enable efficient screening of structure-specific health effects of Vivinal GOS. The method
focuses on GOS DP3 isomers, but will also provide insight into the structure of higher DPs
as it was previously shown that higher DPs are mainly B(1-4)- elongations of DP3 isomers by
B-p-Galp [10]. Our study corroborates this finding as the number of isomers detected did not
increase for DP4 and 5.

UHPLC-PGC was shown to be highly valuable for the recognition of the different isomers
present in Vivinal GOS. The complex retention mechanism of PGC based on both the size
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and planarity of neutral oligosaccharides [33] resulted in the excellent separation of 38 GOS
DP3 isomers. A previous study using nano-PGC-LC only found 14 GOS DP3 isomers and
unnoticed further characterisation [22]. Other chromatographic techniques such as HPAEC-
PAD and HILIC-MS resulted in an inadequate separation as respectively 11 and 5 GOS DP3
isomers were detected [8,13]. Also for DP4 and DP5, UHPLC-PGC surpassed the
chromatographic resolution of the aforementioned techniques. In total 34 and 35 GOS DP4
and DP5 isomers were separated using UHPLC-PGC, whereas less than 14 and 10 DP4 and
DP5 isomers were detected using HPAEC-PAD and HILIC-MS [8,13].

NMR was used in order to characterize GOS DP3 isomers representing different isomer
classes. The combination of SEC and preparative-PGC-MS resulted in 4 pure isomers which
were successfully characterized by NMR; the reducing isomers B-b-Galp-(1->2)-[B-p-Galp-
(1->4)-]p-Glc, B-p-Galp-(1->4)-B-p-Galp-(1->2)-b-Glc and B-b-Galp-(1->2)-[B-p-Galp-(1->6)-
]o-Glc and the non-reducing isomer B-p-Galp-(1->4)-a-p-Glcp-(1¢>1)-B-p-Galp. The
characterized isomers confirmed structures reported in previous studies [9,10].
Consequently, they will serve as ‘standards’ to further develop the high-throughput
characterization method based on UHPLC-PGC-MS. The laborious fractionation steps prior
to analysis would be unnecessary once having such a LC-MS method.

Reflection of the fragmentation behaviour of the characterized isomers led to the discovery
of a MS fragmentation rule to distinguish reducing isomers with a mono- and di-substituted
glucitol. The type of linkage was determined using the linkage-specific cross-ring MS?
fragments at the non-reducing end [30,31]. These two MSfragmentation rules resulted in the
partial characterisation of 23 out of 38 GOS DP3 isomers. Interestingly, MS? fragmentation
spectra of GOS DP4 illustrated that the fragmentation rules are also applicable to higher
DPs for the determination of the substitution of the glucitol as well as for the type of
glycosidic linkages.

The clear-cut distinction between reducing and non-reducing isomers on m/z value made it
a straightforward approach to recognise the 15 GOS DP3 isomers with a (1-1)-linkage. A
couple of non-reducing isomers have been reported in previous studies regarding the
characterization of Vivinal GOS [s-10]. However, these studies required labour-intensive
fractionation techniques prior to characterization of the non-reducing isomers by NMR
analysis. In this study, MS? fragmentation analysis revealed 6 non-reducing DP3 isomers
with a (1-4)-linkage. The B(1-4)-linked galactose can be connected to the (1-1)-linked
glucose as observed for isomer 13,: B-p-Galp-(1->4)-a-b-Glcp-(1¢>1)-B-p-Galp. Next, it is
hypothesized that the B(1-4)-linked galactose can also be connected to the (1-1)-linked
galactose resulting in a-p-Glcp-(16>1)-B-p-Galp-(4<€1)-B-p-Galp. The study of Fransen et al
[9] corroborates this hypothesis as they reported on the presence of non-reducing DP4 and
DP5 GOS isomers consisting of B(1-4)-linked galactose connected to a (1-1)-linked galactose
unit; B-o-Galp-(1->4)-a-p-Glcp-(1¢>1)-B-p-Galp-(4¢-1)-B-p-Galp and B-p-Galp-(1->4)-a-p-
Glcp-(1¢>1)-B-p-Galp-(441)-B-p-Galp-(441)-B-p-Galp. The large variety of non-reducing
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DP3 isomers can be further explained by the presence of a structural motif containing solely
B-linkages, like B-p-Glcp-(1¢>1)-B-b-Galp, as shown in previous research for GOS DP2 [g].
The complete characterisation of Vivinal GOS DP3 by solely UHPLC-PGC-MS is still impeded
by the challenge to distinguish galactose/glucose and o/B-linkages based on MS?
fragmentation. Furthermore, an optimal separation of the numerous GOS structures on PGC
demands reduction of the reducing end prior to analysis which results in the lack of linkage-
specific cross-ring fragments of the resulting terminal glucitol. More studies should be
performed on alternative labelling techniques of GOS to obtain both optimal
chromatographic separation and informative MS? fragmentation spectra.

Nevertheless, the established high-throughput characterization method based on UHPLC-
PGC-MS will already have important implications for future structure-function studies on
GOS as it provides a deeper insight in the complexity of the GOS mixtures. In particular, the
fragmentation rule to distinguish the mono- and disubstituted glucitol turned out to be
highly relevant as ongoing research revealed a difference in resistance to fermentation by
infant faecal microbiota (results not shown).

The characterization method also shed light on the high diversity of non-reducing GOS
isomers. The identification of non-reducing GOS isomers is hindered in currently used
methods due to their co-elution with more abundant isomers. Hence, little is known about
the fermentability and health effects of these specific structures. To our knowledge, only
one study reported on the hydrolysis of non-reducing GOS DP2 by bacterial enzymes [34].
Nonetheless, with 12% the non-reducing isomers make up a considerable part of GOS DP3
and can therefore not be ignored. UHPLC-PGC-MS facilitates readily incorporation in future
structure-function studies.

In summary, analytical UHPLC-PGC-MS has proven to be a powerful tool to touch upon the
high complexity of Vivinal GOS. More than 100 different Vivinal GOS structures were
separated in one single run by the separation mechanism of UHPLC-PGC-MS. In total, 23
reducing and 15 non-reducing DP3 isomers were identified, which shows us that Vivinal GOS
is structurally much more diverse than previously noticed. The established characterization
method facilitates the detection of non-reducing GOS and several structural features of GOS
which could impact the fermentability by infant gut microbiota. Hence, this study will
contribute to a deeper understanding of the structure-specific utilization of GOS by infant
gut microbiota and consequent health effects.
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Supporting information

Table S1 Chemical shifts for GOS DP3 isomer 4r, 13r, 21r and 13n determined from 1D and 2D NMR
spectra. Linkage positions are indicated in bold.

4 13r 21r 13n
residue | substitution H C H C H C H C
A 1a 3.90 63.1 3.86 62.9 3.84 62.8
1b 3.77 63.1 3.77 62.9 3.77 62.8 | 5.238 | 101.1
2 4.136 83.5 3.96 84.5 3.95 84.4 3.64 73.5
4.02 70.7 4.04 70.2 4.04 70.3 3.90 72.7
4 3.90 78.7 3.79 71.3 3.70 71.5 3.68 79.4
5 3.96 72.4 3.92 70.9 3.77 72.2 4,101 725
6a 3.90 63.1 4,157 72.6 3.84 64.0 3.89 61.0
6b 3.77 63.1 3.84 72.6 3.66 64.0 3.83 61.0
B 1 4.432 104.0 4435 | 1046 | 4.603 | 105.2 | 4.585 | 104.6
2 3.539 72.2 3.566 72.1 3.67 72.7 3.65 72.4
3 3.65 73.7 3.67 73.9 3.77 74.3 3.69 73.8
4 3.92 69.9 3.92 69.8 4.185 78.3 3.94 69.6
5 3.66 76.1 3.71 76.5 3.74 75.5 3.72 76.7
6a 3.80 62.2 3.80 62.2 3.84 61.9 3.77 62.2
6b 3.77 62.2 3.74 62.2 3.77 61.9 3.73 62.2
C 4.590 105.3 4568 | 1049 | 4,601 | 105.2 | 4.452 | 104.0

1

2 3.60 72.6 3.587 72.1 3.58 72.7 3.55 72.4
3 3.68 73.7 3.67 73.6 3.66 74.1 3.67 73.8
4

5

3.93 69.9 3.92 69.8 391 69.9 3.93 69.6
3.72 76.3 3.71 76.5 3.68 76.2 3.72 76.7
6a 3.80 62.2 3.80 62.2 3.84 61.9 3.77 62.2
6b 3.77 62.2 3.74 62.2 3.77 61.9 3.73 62.2

123



Chapter 5

Table S2 Overview of characterized reducing (m/z 505) and non-reducing (m/z 503) DP3 GOS
isomers with the relative abundance of characteristic MS? fragments and used characterisation

methods.

BESK _Thisabundancs tentative / ibgegrah, MSHRIEa0UTHance)” {charasn
no. (min) (%]g conclusive identification gle-terminal 251 263 a5 343 method
1r 2.68 0.2 X di- ND ND 615 9.3 Mms?
2r 4.29 0.1 X di- ND ND 428 119 Ms?
3r 466 01 (126)(1>X) mono- 1.0 ND 03 169 Ms?

4 529 2.3 B-p-Galp-(12)-[B-p-Galp-(1->4)-]o-Glc  di- ND ND 61.8 13.9 NMR/MS?
5r 877 13 (16)(1=>X) mono- 1.8 03 09 19.0 Ms?
6r 10.84 0.2 X di- 0.1 0.3 61.7 538 Ms?
7r 1138 14 (1>4)(1->3/6) mono- ND 20 15 183 Ms?

8 11.60 0.6 X mono- 0.1 0.1 1.1 66.4 Ms?
9r 12.07 0.5 X mono- 0.2 2.3 1.4 19.3 Mms?

10r 13.54  37.8 B-p-Galp- (194] B-p-Galp-(1->4)-p-Glc  mono- 0.1 12 15 349 standard/MS?
11r 15.73 1.5 di- ND 01 56.6 213 Mms?
12r 16.69 2.8 X mono- 0.3 0.2 1.6 78.0 Ms?
13r 1835  11.2 B-p-Galp-(1-4)-B-p-Galp-(152)-0-Glc mono- 03 14 24 596 NMR/MS?
14r 19.08 16 (196)(19)() mono- 1.0 07 3.6 40.1 MS?
15r 20.24 0.3 X 1.5 0.3 1.0 9.3 -

l6r 21.43 8.9 X mono- 0.1 0.2 2.0 84.4 Ms?
17r 21.75 8.2 X di- ND ND 723 5.4 Mms?
18- 24.01 2.9 B-b-Galp-(1-6)-B-D-Galp-(1>4)-0-Glc mono- 1.2 02 1.2 28.0 standard/MS
19r 24.99 0.6 X X ND 0.2 9.4 13.2 -
20r 2628 1.4 PB-b-Galp-(1->3)-B-b-Galp-(1-34)-p-Glc mono- 0.1 0.5 3.5 11.1 standard/MS’
21r 30.08 2.3 B-0-Galp-(1->2)-[B-p-Galp-(1->6)-]p-Glc  di- ND ND 653 19.0 NMR/MS?
22r 35.54 0.7 X mono- ND ND 4.6 27.4 Ms?
23r 43.15 1.1 X mono- ND ND 88 429 Ms?
1n 7.81 0.1 X - 0.12 ND - - -
2n 1188  0.04 (1>4)(1¢31) 2 ND  1.28 - & MS?
3n 12.59 0.6 X - ND 0.56 - - -
4n 1392 06 (1>4)(1¢31) = ND 177 - - Ms?
5n 1525 0.1 (156)(1¢>1) . 1.03 011 - . MS?
6n 17.08 0.2 (1>4)(1¢31) - ND 313 - . Ms?
7n  17.73 0.2 X - ND ND - - -
8n 1877 15 (1>4)(1¢31) . ND 226 - - Ms?
9n 20.89 0.2 X - 0.59 0.37 - - -
10n 2134 3.7 (194)(191) g ND 281 - : Ms?
11n 22.07 0.2 - ND ND - - -
12n 2304 05 (196)(1@1) . 154 ND - - Ms?
13n 2373 3.9 B-0-Galp-(1->4)-a-p-Glcp-(1¢>1)-B-o-Galp - ND 207 - 2 NMR/MS?
14n 24.83 0.3 X - ND 0.09 - - -
15n 37.26 0.2 X - ND 0.97 - - -

@ Tr: retention time

b determined by integration of peak areas in UHPLC-PGC-MS with sum of both reduced and non-reducing DP3
isomers set at 100%

€ most abundant fragment set at 100%, ND: not detected
X: unknown, -: not applicable
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Table S3 Fragmentation behaviour of reducing GOS DP4 isomers

relative o 2 ; [«
peak no. Tr{min® [M-H]- abundgnce S:Jbsfltuf:'lﬂl‘ll MS (relatr;),f/ezabundance)

(%) gicterminal 559 263 413 425 325 343 487 505
1r 18.22 667 2.9 di- ND 0.3 0.1 0.1 7.9 2.3 50.6 32.6
2r 19.10 667 6.4 mono- ND 0.1 ND ND 8.3 5.0 17.7 62.3
3r 21.84 667 0.3 di- 0.2 0.4 03 0.2 59 1.7 33.0 213
4r 22.04 667 0.9 di- 2.5 0.8 ND 59 0.6 0.7 29.8 24.3
5r 2335 667 5.9 mono- 0.7 0.2 29 26 0.5 9.7 3.0 27.7
6r 23.97 667 0.6 di- 0.1 0.1 ND 0.2 12.2 3.0 34.4 36.0
Ir 2562 667 11 mono- 0.4 0.1 0.8 11.0 1.4 11.4 5.6 45.1
8r 261 667 0.4 di- ND ND 0.1 0.3 9.5 2.3 60.2 13.2
9r 26.98 667 4.6 mono- 0.1 0.2 0.3 0.1 14.6 8.3 12.7 56.3
10r 275 667 1.6 mono- 0.2 0.2 25 12 4.0 15.6 9.2 36.6
11r 27.78 667 29.0 mono- ND 0.7 0.5 8.5 0.4 18.8 2.3 57.8
12r 30.22 667 7.9 mono- ND 0.1 0.1 ND 9.4 4.9 314 48.7
13r 31.79 667 6.8 mono- ND 0.3 0.4 1.9 0.7 23.1 19 62.7
14r 32.00 667 0.7 di- 0.1 0.2 1.0 0.6 16.8 125 24.3 253
15r 32.97 667 3.9 mono- ND 0.1 03 0.6 0.5 23.2 1.6 66.6
16r 33.7 667 1.5 mono- 0.3 0.4 0.4 0.9 0.5 4.9 1.2 46.2
17r 34.1 667 0.6 mono- ND 0.1 0.6 0.3 1.0 121 37 58.3
18r 35.72 667 0.4 mono- 0.1 ND ND ND 12.8 45 14.2 56.6
19r 36.91 667 4.4 di- ND 0.2 0.4 ND 16.6 7.7 32.6 289
20r 39.35 667 6.9 mono- ND 0.1 0.1 ND 11.2 6.0 17:1 62.5
21r 42.15 667 1.4 mono- 0.1 0.2 ND 1.2 07 442 2.5 30.3

a Tr: retention time

b determined by integration of peak areas in UHPLC-PGC-MS with sum of both reduced and non-reducing DP4
isomers set at 100%
most abundant fragment set at 100%, ND: not detected, X: unknown
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Research aim and approach

Human milk is the gold standard for infant nutrition in early life. Especially, human milk
oligosaccharides (HMOs) received quite some interest during the last decades. HMOs have
shown to support the maturation of the gut barrier and the development of a balanced
immune system, both directly and indirectly through their fermentation by gut bacteria [1-
3]. For infants for which human milk is not an option, cow-milk based infant formula are
supplemented with non-digestible carbohydrates (NDCs) to substitute for the immune
benefits of HMOs.

Since previous research showed that the fermentability and immune effects of HMOs are
highly dependent on their structure [4], several structurally different NDCs were
investigated in the thesis research. The aim of the PhD thesis was firstly, to understand the
structural complexity of these NDCs. Subsequently, we aimed to determine the structure-
specific fermentability and microbiota-dependent immune effects of the NDCs in infants by
applying an in vitro fermentation set-up using infant faecal material as inoculum. The
changes in microbiota composition and production of short chain fatty acids (SCFAs) were
followed in time, as well as the actual degradation of individual NDCs. This last point is often
overlooked due to the high complexity of NDCs making their characterization challenging.
Hence, in this study a high-throughput characterization method was developed to obtain
more understanding on the preferential degradation of NDCs with specific size and type of
linkages. Additionally, immune effects of NDC fermentation digesta were assessed by co-
incubation with dendritic cells to determine changes in the production of both pro- and
anti-inflammatory cytokines. The dendritic cells were derived from the umbilical vein to
mimic the infant situation.

Selection of an ideal fermentation set-up

Nowadays several fermentation models exist to study the fate of NDCs in the gut.
Continuous fermentation models such as TIM-2 and SHIME are preferred, because they are
highly dynamic and closely resembling the gut [5,6]. Nutrients are continuously replenished
and build-up of microbial metabolites is prevented by dialysis systems. Additionally, these
models can be extended to incorporate host-gut microbiota interactions, such as the
interaction between epithelial cells and the microbiota [7]. However, the drawbacks of these
systems are the low-throughput and high workload. Additionally, these models require
substantial amounts of substrate thereby hindering the study of highly tailored NDCs
produced only at small scale. These models are therefore less suitable for a study in which
many structurally different NDCs are included. For our research, a static batch fermentation
model was chosen, which overcomes these limitations. Definitely, it should be taken into
account that a static fermentation model does not resemble the intestinal environment as
good as continuous models. In this case peristaltic movements in the gut are mimicked by
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a simple incubator shaker and the presence of distinct bacterial niches in the mucus layer is
ignored. Additionally, bacterial metabolites accumulate over time in the closed
compartment, which limits the model to relatively short fermentation periods.
Nonetheless, the static fermentation model has proven to be a suitable model for screening
purposes related to fermentability of NDCs in the gut [8].

Inoculation of fermentation model

The type of faecal inoculum used in the fermentation model is crucial for the outcomes.
Bacterial species all have their own set of enzymes with which they can degrade the
substrates [9]. The presence of different bacteria at the start of the fermentation could thus
result in different outcomes when we look at the degradation of the substrate and the
resulting production of SCFAs and immune effects. This fact is especially important when
studying the fate of NDCs in the infant gut as the infant microbiota composition changes
rapidly upon aging [10]. To study the effects of the NDCs in this crucial timeframe of infant
microbiota development, we included faecal inoculum of two different infant age groups,
namely from 2- and 8-week-old infants. Previous research by Albrecht et al [11] found that
infants of these ages exhibit large differences in HMO-degrading capacity. In the first 2
weeks of life most of the HMOs present in the corresponding human milk could still be
traced back in the faeces of the infant (Figure 1, I), while two months postpartum only acidic
HMOs and metabolization products were detected (Figure 1, I1).

The exact timing of the development of HMO utilization by infant microbiota was found to
be infant-dependent [11], which is consistent with the highly variable nature of infant gut
microbiota [12]. Hence, in vitro studies should ideally include multiple fermentations with
individual faecal inocula of different infants. This would mean a strong increase in workload
and resources for this study including many NDCs and two age groups. The combination of
faecal material of multiple infants in one pooled faecal inoculum proved highly valuable for
the screening purposes of current study as the bacterial functionality of the pool largely
resembled the functionality of the individual infant faecal inocula (Chapter 2). Nonetheless,
the changes in microbiota composition upon fermentation of galacto-oligosaccharides
(GOS) using pooled faecal inoculum did not fully represent the average changes in
microbiota composition of the individual inocula. As expected, bacterial species more
capable of degrading GOS in the different individual inocula, were more enriched during
fermentation using pooled faecal inoculum. Consequently, in the case that research is
focused on the exact fate of NDCs in a specific individual, obviously a pooled faecal inoculum
should not be used.
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Figure 1 Human milk oligosaccharides and their metabolization products present in faeces of 2-
week- (1), 2-month- (1) and 4-month- (lll) old infants as analysed by capillary electrophoresis with
laser induced fluorescence detection with *: internal standard xylose [11].

Furthermore, close attention was paid to the selection of the faecal donors. In this study we
only included term, vaginally born and exclusively breast-fed infants. The human milk of all
corresponding mothers had a Secretor positive/Lewis positive phenotype as determined by
the presence of a(1-2) and a(1-4) fucosylated HMOs [13]. Faecal donor selection based on
the most important determinants of infant microbial colonization minimizes the differences
in microbiota composition between the individuals. In this way the accuracy of the
prediction capability of the pooled faecal inoculum is maximized for a subgroup of infants.

Structural variability of NDCs

In our research seven different NDCs were studied, from which three of them are already
applied in infant formula; chicory fructo-oligosaccharides (FOS) (Chapter 3), native inulin
(Chapter 3) and GOS (Chapter 5). Also four potential NDCs were included namely, native
and endo-1,3(4)-B-glucanase-treated oat R-glucan (Chapter 4) as well as isomalto/malto-
polysaccharides (IMMP) and isomalto-oligosaccharides (IMO).
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The structural composition of the IMO preparation and IMMP have not been dealt with in
the experimental chapters, but will be addressed in more detail in this section. The same
applies to the fermentation of the IMO preparation, IMMP and GOS (vide infra). These three
NDCS are studied at the same time as FOS, native inulin and the oat B-glucans, using
identical inocula and fermentation set-up.

Galacto-oligosaccharides

GOS is probably one of the most studied NDCs and commonly applied in infant formula.
GOS is produced from lactose by a hydrolysis and transgalactosylation reaction, which is
catalysed by B-galactosidase. This process results in a highly complex mixture of galactose
chains with a terminal galactose or glucose unit, varying in type and anomeric configuration
of the glycosidic linkage as well as their degree of polymerization (DP) (2-8) [14]. The source
of the enzyme influences the regioselectivity of the enzyme and the size of the produced
oligosaccharides [15]. In this research Vivinal GOS is studied, which is a commercial GOS
mixture produced by a Bacillus circulans -galactosidase. GOS DP3 and DP4 oligomers are
predominant with a relative abundance of respectively 48 and 29% (Figure 2A). The
presence of both linear and branched chains with a disubstituted terminal reducing glucose
or galactose unit further adds up to the complexity of GOS. In addition, next to reducing
GOS with a free anomeric carbon at the terminal position, also non-reducing GOS containing
a (1-1)-linkage are present in the GOS mixture [16,17] (Chapter 5).

Fructo-oligosaccharides and native inulin

FOS (synonym oligofructose) and native inulin are composed of linear chains of B(2-1)-
linked fructose monomers with either a glucose (GF series) or fructose (F series) moiety at
the reducing end. The main difference between these NDCs is their DP with the DP of FOS
ranging between 2-10, while in native inulin mainly the GF series is present with a DP
ranging between 2-60 (Figure 2A) [18]. This native inulin is extracted from chicory root and
FOS was obtained by subsequent enzymatic hydrolysis of the inulin (Chapter 3).

Native and endo-1,3(4)-B-glucanase-treated oat B-glucan

Oat B-glucans are polymers with an average molecular weight of 300 kDa, which consist of
glucose moieties linked by primarily B(1-3)- or B(1-4)-linkages (Figure 2A) [19]. Upon endo-
1,3(4)-B-glucanase-treatment oligomers are formed ranging between DP2-5 with glucosyl-
(1-3)-B-D-cellotriose being most abundant (58%) (Figure 2A) (Chapter 4).

Isomalto/malto-polysaccharides and isomalto-oligosaccharide preparations

IMMP and IMO preparations are enzymatically produced from starch, the most abundant
and renewable polysaccharide on earth. IMMP are polymers composed of mainly a(1-4)-
and a(1-6)-linked glucose moieties. For the production of the IMMP included in this study
the enzyme 4,6-a-glucanotransferase has been applied, which introduces consecutive a(1-
6)-linkages onto linear a(1-4)-linked gluco-oligosaccharides [20]. The ratio between these
two types of glycosidic linkages is dependent on the starch source and the process
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conditions [21]. The resulting IMMP has a broad molecular weight distribution (1.4 — 52 kDa)
(Figure 2A) and contains 91% a(1-6)-linkages, which prevents the polysaccharides from
digestion in the upper gastrointestinal tract [20].

IMO preparations are also produced from starch, but require an additional hydrolysis step
next to the application of transferase enzymes [22]. Production technologies used nowadays
differ in the number and type of enzymes used, which results in the production of
structurally distinct IMO preparations [23]. In this research the commercial IMO preparation
Vitafiber (BioNeutra, Edmonton, Canada) is studied, which is a complex mixture of
oligosaccharides varying in DP and type of linkages. The oligosaccharides present in
Vitafiber have an average DP of 3.3, ranging between 2 and 6 (Figure 2A).

Fermentability and consequent immune effects of NDCs in infants

The fate of the seven NDCs in the infant gut was studied by in vitro batch fermentations
using pooled faecal inoculum of 2- and 8-week-old infants. The fermentation digesta were
analysed to determine the fermentability of the NDCs, their microbiota effects as well as
the impact of the fermentation digesta on dendritic cell responses. The obtained results are
summarized and discussed in coming sections.

Size- and age-dependent fermentability of NDCs by infant microbiota

Galacto-oligosaccharides

Our fermentation study confirmed that GOS is readily fermented by infant microbiota. Only
17 and 12% of GOS were remaining after 26 h of fermentation with faecal microbiota of
respectively 2- and 8-week-old infants (Figure 2B/C). However, not all oligomers were
degraded to the same extent. The fermentability was lower for oligomers with a higher DP.
For instance, more than 40% of GOS DP6 was remaining after 26 h of fermentation with
both inocula.

Fructo-oligosaccharides and native inulin

The fermentation of native inulin showed us that the fermentability is dependent on the
age of the infants (Figure 2B/C and Chapter 3). Faecal microbiota of 2-week-old infants only
utilized the DP3-8 portion of native inulin, whereas faecal microbiota of 8-week-old infants
also degraded longer chains of native inulin up to DP16. Interestingly, the fermentation of
FOS primarily resulted in the utilization of trisaccharides. Besides the age of the infants, the
size and the relative abundance of the oligomers within the NDC class are thus also of
importance.
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Native and endo-1,3(4)-8-glucanase-treated oat f3-glucan

The enzyme treatment of native oat R-glucan increased the fermentability by faecal
microbiota of 2- and 8-week-old infants tremendously (Figure 2B/C and Chapter 4). The
oligomers which were formed upon enzyme treatment prior to fermentation were utilized
for around 40%, whereas the native oat -glucans were virtually intact after fermentation
by faecal microbiota of 2- and 8-week-old infants.

Isomalto/malto-polysaccharides and isomalto-oligosaccharides

Fermentation of IMMP and the IMO preparation by infant faecal microbiota of 2- and 8-
week-old infants was size-dependent. IMMPs were virtually resistant to fermentation by
both inocula. In contrast to IMMPs, the IMO preparation was utilized for 80% and 50% after
26 h of fermentation with faecal microbiota of respectively 2- and 8-week-old infants. The
relatively low molecular weight of the IMO preparation explains the high fermentability
compared to IMMPs.

Correlating the structure of the NDCs to their fermentability

Overall, our findings indicate that the fermentation of NDCs by infant faecal microbiota is
dependent on the size of the NDCs (Figure 2). Faecal microbiota of both 2- and 8-week-old
infants were not able to degrade high molecular weight polysaccharides such as IMMP and
native oat B-glucan. Interestingly, the fermentability increased tremendously upon
decreasing the molecular weight of these polysaccharides. The same applies for the
oligosaccharides, for which the fermentability was negatively correlated with the DP.
However, it should be taken into account that the different DPs are not evenly distributed
within each NDC class, which could impact the fermentability of the oligomers with a given
DP. Highly abundant oligomers could steer the bacteria to the expression of enzymes
specifically favouring the degradation of these oligomers [24]. In case of GOS, this could
partly explain the preference by the bacteria for GOS DP3 and DP4 oligomers, which make
up respectively 48% and 29% of GOS. However, GOS DP2 (10%) and DP5 (10%) oligomers
significantly differed in fermentability, confirming the association between the size of the
NDCs and the fermentability. This finding is in line with the intracellular utilization strategy
of Bifidobacterium [25], a bacterial species which is highly abundant in the infant gut [26].
The intracellular utilization requires the uptake of the NDCs into the bacterial cell via specific
transporter systems [27]. The size of the NDCs could limit this transport as exemplified for
the degradation of long-chain inulin by individual bifidobacterial strains [28]. The preferred
utilization of oligomers with a lower DP was also reported in a previous fermentation study
concerning adult faecal microbiota in combination with GOS [29].

Our findings confirm the potential of tailored NDC preparations for infants of different age
groups as the fermentability is dependent on the age of the infants (Figure 2). The IMO
preparation and GOS displayed highest fermentability with faecal microbiota of 2-week-old
infants, whereas native inulin and GOS were most preferred by faecal microbiota of 8-week-
old infants. In line with our expectations, based on previous in vitro studies [4,29], the
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structure of the NDCs also determined the fermentability. This was exemplified by
significant differences in fermentability between DP4 oligomers present in the IMO
preparation and enzyme-treated oat B-glucan, which structurally differ in the anomeric
configuration and type of the glycosidic linkage. To obtain a deeper understanding of these
structure-specific effects, it is of utmost importance to focus on the degradation of
individual isomers by the infant faecal microbiota.

A, GOS FOS IMMP native oat B-glucan
B |
2 A4
P (m !
T T S P
2 o |
+* R
* e 4
! s s
i Ay a3
23 ol e *
R (94 : s

enzyme-treated
oat B-glucan

HN

.1\\\‘1.(‘:{&(

L 5684
vt

pp2 WP DP3 P DP4 §3 DP5 % 6<DP<8 [+ 9<DP<15 P DP216

B. C.
100 100
= go S
S 3
c c
© ©
T 60 T 60
3 5
L o
© ©
% 40 v 40
£ g
& 20 ‘ 2 20
0 ot |DP|2 |DP|3 |DP4DP5| | xl c 0 '| l'l '| T
2 é A Total DP2 DP3 DP4 DP5
S B&Q’ R Qz“f’
m GOS = FOS ® IMMP m nativeoat B-glucan

» nativeinulin » IMO ® enzyme-treated oat R-glucan

Figure 2 DP distribution of fructo-oligosaccharides (FOS), native inulin, galacto-oligosaccharides
(GOS), the isomalto-oligosaccharide (IMO) preparation, isomalto/malto-polysaccharides (IMMP) and
native and enzyme-treated oat R-glucan (A) and the percentage of remaining oligomers per DP as
well as the total mixture after 26 hours of in vitro fermentation of the NDCs with faecal inoculum of
2- (B) and 8-week-old (C) infants.
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In-depth analysis of individual NDC isomers

Information on the fermentability of individual isomers present in NDCs is often lacking or
highly limited in studies on health effects of NDCs due to the structural complexity of NDCs.
Each NDC typically consists of a high number of isomers for each DP, varying in anomeric
configuration and type of linkages. Characterisation of these almost identical components
is highly challenging as coelution is inevitable with frequently used characterization
methods based on high performance anion exchange chromatography (HPAEC) [30].
Additionally, once the oligosaccharides are chromatographically separated, the next
challenge arises; the actual characterization. The coupling of HPAEC to mass spectrometry
(MS), which is highly suitable for the characterization of oligosaccharides, is technically
rather challenging due to high levels of salts present in the eluent [31]. Therefore, HPAEC
relies mainly on reference components or nuclear magnetic resonance (NMR) analysis of
purified fractions. Reference components are often limited and (semi) preparative
fractionation of NDCs using techniques such as size-exclusion chromatography (SEC) are
highly labour-intensive.

We developed a high-throughput characterization method to facilitate the analysis of the
fermentability of individual GOS isomers by gut microbiota (Chapter 5). The method is based
on analytical UHPLC-MS with porous graphitic carbon (PGC) as stationary phase. The
retention mechanism of PGC, which is based on the size, type of linkage and the resulting
3D-structure [32], proved to be highly effective in the separation of the different isomers
present in GOS. The oligosaccharides were characterized by the m/z and MS? fragmentation
using validated fragmentation rules to distinguish oligosaccharides with (1-4)- and (1-6)-
linked residues [33,34]. We recognized a fragmentation rule to distinguish oligosaccharides
with a mono- or di-substituted reducing terminal residue. In addition, due to a reduction
prior to analysis, UHPLC-PGC-MS enabled the recognition of non-reducing isomers
containing a (1-1)-linkage, which remained relatively untouched in previous structure-
function studies. Hence, one single run of UHPLC-PGC-MS enables the detection as well as
the (partial) characterization of the different isomers present in the NDC preparations.

The characterization method as developed for GOS (Chapter 5), was also applied to
characterize the IMO preparation and endo-1,3(4)-B-glucanase-treated oat R-glucan
(Chapter 4). These NDCs teach us most about the structural preferences of the infant faecal
microbiota as they enable the comparison of isomers differing in only one structural
variable. First, the composition of GOS and the IMO preparation are elucidated, after which
the isomer-specific fermentability of GOS, the IMO preparation and enzyme-treated oat B-
glucan are discussed. For now, we only focus on the DP3 isomers present in GOS and the
IMO preparation, as these are most abundant and will also give us insights into the possible
structure and fermentability of higher DPs.
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Individual GOS DP3 isomers

UHPLC-MS showed us that Vivinal GOS is much more diverse than thought before. More
than 100 different Vivinal GOS components were separated in one single run by UHPLC-
PGC-MS, including a high number of non-reducing GOS isomers which have not been
annotated from a chromatographic elution pattern before. In total 23 reducing and 15 non-
reducing DP3 isomers were identified. The large variety of non-reducing isomers containing
an (1-4)-linkage indicated the presence of a wide range of structural motifs within the non-
reducing GOS DP3 isomers. The (1-1)-linkage could be located at two different positions
providing structures like B-p-Galp-(1->4)-B-p-Glcp-(1¢>1)-B-p-Galp and b-Glcp-(16>1)-B-b-
Galp-(4€1)-B-p-Galp [16]. Interestingly, non-reducing GOS DP3 isomers could also contain
a-linkages with the structural motif a-b-Glcp-(1¢>1)-B-p-Galp [17]. More details about the
composition of Vivinal GOS DP3 are presented in Chapter 5.

Individual IMO DP3 isomers

UHPLC-PGC-MS increased our understanding of the complexity of IMO preparations
tremendously (Figure 3). For Vitafiber, in total 15 different DP3 isomers were detected, from
which 9 reducing and 6 non-reducing isomers (Figure 4), whereas earlier HPAEC-PAD
analysis of starch-derived IMO preparations only recognized 4 different reducing DP3
isomers [35]. The presence of non-reducing isomers in starch-derived IMO preparations has
not been reported before. In total 13 out of 15 isomers were characterized with the use of
our established MS-fragmentation rules and NMR analysis of pure isomers representing
different isomers classes (Table 1). Interestingly, similar to GOS we identified non-reducing
isomers with different location of the (1-1)-linkage e.g. B-b-Glcp-(1é>1)-a-p-Glcp-(641)-a-
D-Glcp and a-p-Glcp-(1-6)-B-b-Glcp-(1¢=>1)-a-b-Glcp. Additionally, we also characterized
oligosaccharides with a di-substituted reducing terminal glucose in the IMO preparation,
which remained unnoticed in previous research.

Detailed isomer-specific fermentability of NDCs by infant microbiota

UHPLC-PGC-MS was used to determine the fate of individual isomers present in GOS, the
IMO preparation and enzyme-treated oat 3-glucan during fermentation by faecal inocula of
2- and 8-week-old infants.

Fermentability of reducing vs non-reducing isomers

The fermentability differed between reducing and non-reducing GOS isomers (Figure 5).
GOS fermentation led to an enrichment of non-reducing DP3 isomers in the digesta with
faecal microbiota of both 2- and 8-week-old infants. However, the resistance to
fermentation was not only caused by the presence of the (1-1)-linkage. The non-reducing
isomer B-p-Galp-(1->4)-a-b-Glcp-(1¢>1)-B-p-Galp was for example completely utilized

136



General discussion

DP6
©
()
c
© DP5
> A
<
: N W o4
>
B
< L} DP3
=
WY A bp2
dw&k IMO
4 : A . v J : v, A"“. y . , . , -
4 8 12 16 20 24 28 32 36 40 44 48

Time (min)

Figure 3 UHPLC-PGC-MS profile of reducing and non-reducing oligosaccharides present in the IMO
preparation Vitafiber and of DP 2-6 after selection of the appropriate m/z for that DP. All elution
profiles were normalised to the actual contribution of each DP to the total mixture.
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Figure 4 UHPLC-PGC-MS profile of oligosaccharides present in the IMO preparation Vitafiber with
selection of A: reducing (m/z 505, 551 (M+FA)) and B: non-reducing (m/z 503, 549 (M+FA)) isomers.
Most abundant peak in both chromatograms was set at 100%. Peak numbers correspond to
characterized IMO isomers in Table 1 with r: reducing isomers and n: non-reducing isomers ((1-1)-
linked). The contribution of DP3 to the total IMO mixture is displayed in Figure 3.
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Table 1 Overview of conclusively and tentatively characterised or unknown reducing and non-
reducing DP3 isomers present in the IMO preparation Vitafiber.

peak graphical

relative
no.  structure? abundance (%

substitution

Slticitol chemical structure €

A g .‘: 47 disubstituted  a-0-Glep-(1->2)-[a-0-Glep-(1-4)-]o-Gle
2r 2l disubstituted X
3r .\./. 3.5 monosubstituted a-p-Glcp-(1-6)-a-p-Glep-(1->3)-p-Glc
4r . 45.3 monosubstituted a-p-Glcp-(1->6)-a-p-Glep-(1->4)-p-Glc
5r .\.\. 26.8 monosubstituted a-b-Glcp-(1-6)-a-p-Glcp-(1->6)-p-Glc
6r ._.\,',. 3.1 monosubstituted a-p-Glcp-(1->4)-a-p-Glep-(1->3/6)-p-Glc
7r 00 3.0 monosubstituted a-p-Glcp-(1->4)-a-b-Glep-(1->4)-0-Glc
8r ./t. 5T monosubstituted a-b-Glcp-(1->3)-a-p-Glep-(1->4)-p-Glc
9r 1.9 monosubstituted X
B.
1n .4-)‘. 1.4 < B-b-Glcp-(1é>1)-a-0-Glep-(641)-a-b-Glep
B a
In . 1.3 _ a-p-Glep-(1-6)-B-p-Glep-(1€>1)-a-p-Glcp
B a
3n . . . 0.2 - B-p-Glcp-(1¢=>1)-a-p-Glcp-(441)-a-p-Glcp
B o
4n ’ > 0.2 - B-p-Glep-(1¢>1)-a-p-Glcp-(2/3€1)-a-b-Glcp
a
5n .—“ 0.7 - a-p-Glep-(1->4)-B-p-Glep-(1¢>1)-a-b-Glcp
B a
6n ‘?.e. 0.2 - a-p-Glep-(1-2/3)-B-p-Glep-(1é=>1)-a-p-Glcp
B a

2 included for conclusively and tentatively characterized isomers, blue: glucose,

?: type of glycosidic linkage unknown

b determined by integration of peak areas in UHPLC-PGC-MS with sum of both reduced and non-reducing

DP3 isomers set at 100%

€ X: unknown, /: both glycosidic linkages possible

- : not applicable
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after 26 h of fermentation by both inocula, whereas another (1-1)-linked DP3 isomer
containing a (1-4)-linkage remained virtually intact (data not shown). Hence, both the
location and the anomeric configuration of the (1-1)-linkage could have affected its
fermentability by infant faecal microbiota. More specifically, non-reducing GOS isomers
with an elongation via the (1-1)-linked galactose unit (p-Glcp-(1¢>1)-B-p-Galp-(441)-B-p-
Galp) or non-reducing GOS isomers containing solely B-linkages were more resistant to
fermentation. With respect to the IMO preparation, non-reducing IMOs with an elongation
via the B(1-1)-linked glucose unit were more resistant to fermentation than non-reducing
IMOs with an elongation via the a(1-1)-linked glucose unit (data not shown).
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Figure 5 Percentage of total remaining DP3 isomers (solid line) after 14 and 26 h of in vitro
fermentation of galacto-oligosaccharides (A) and the isomalto-oligosaccharide preparation (B) with
faecal inoculum of 2- and 8-week-old infants together with the relative abundance of isomers with a
mono- and di-substituted terminal residue as well as non-reducing isomers within the fermentation
digesta at the different time points (sum of all DP3 isomers set at 100%)(dotted and dashed line).

Substitution of the terminal reducing residue impacts NDC fermentability

The substitution of the terminal reducing residue influenced the fermentability of the
isomers present in GOS and the IMO preparation (Figure 5). Notably, DP3 isomers with a
monosubstituted reducing glucose residue were preferably fermented by infant faecal
microbiota. This structural preference was observed with faecal microbiota of both infant
age groups, except for the fermentation of the IMO preparation by faecal microbiota of 8-
week-old infants caused by limited fermentability.

Glycosidic linkage type influences NDC fermentability

The type of glycosidic linkage also affects the fermentability by infant faecal microbiota
(Figure 6) with a similar fermentation behaviour for the faecal microbiota of 2- and 8-week-
old infants. To enable the comparison of isomers only differing in the type of glycosidic
linkage, solely reducing isomers with a monosubstituted terminal residue were taken into
consideration. For GOS, (1-3)(1-4)-linked oligomers were most preferred, followed by DP3
oligomers with an (1-6)-linked galactose unit at the non-reducing end. Infant faecal
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microbiota required most time for the degradation of GOS DP3 oligomers with an (1-4)-
linked galactose unit at the non-reducing end. In line with the development of the gut
microbial functionality upon aging [36], adult faecal microbiota showed different
preferential utilization of GOS oligomers. Adult faecal microbiota preferred (1-4)-linked GOS
DP3 oligomers over other DP3 oligomers [37]. In contrast to GOS, fermentation of the solely
glucose-based oligomers (IMO preparation and enzyme-treated oat B-glucan) by infant
faecal microbiota showed a clear preference for (1-4)-linked oligomers over (1-3)(1-4)-
linked oligomers. Hence, the preference for specific type of glycosidic linkages by the infant
faecal bacteria is dependent on the monomer composition.
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Figure 6 Schematic overview of fermentability of galacto-oligosaccharides (GOS), the isomalto-
oligosaccharide (IMO) preparation and enzyme-treated oat B-glucans by infant faecal microbiota.
For GOS and the IMO preparation only reducing DP3 isomers with a monosubstituted terminal
residue are considered with yellow: galactose and blue: glucose.

Monomer composition and anomeric configuration influence NDC fermentability

Overall, GOS DP3 oligomers were fermented faster and to a higher extent than the solely
glucose-based DP3 oligomers present in the IMO preparation and endo-1,3(4)-B-glucanase-
treated oat B-glucan. With respect to the 2-week-old-infants, the faecal microbiota
completely utilized the GOS DP3 oligomers within 26 h of fermentation, whereas DP3
oligomers present in the IMO preparation and enzyme-treated oat f-glucan were degraded
only for 90 and 50% respectively. This finding is in line with the HMO-adapted metabolic
activity of the gut microbiota of the exclusively breast-fed infants included in this study [38]
as HMOs display significant structural overlap with GOS. The infant faecal microbiota have
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not encountered a- and B-linked gluco-oligomers before due to their absence in the human
milk. Nevertheless, the infant microbiota possessed and expressed the genes encoding the
enzymes responsible for the degradation of the gluco-oligomers with a clear preference for
a-linked over B-linked gluco-oligomers. The significant fermentability of the a-linked gluco-
oligomers present in the IMO preparation is corroborated by previous metagenomic data
analysis of infant faeces reporting a high abundance of genes encoding enzymes belonging
to the glycoside hydrolase family 13, which showed to be highly relevant for the metabolism
of IMOs [39].

The use of UHPLC-PGC-MS revealed that next to the size, subtle differences in the structure
of oligosaccharides have a huge impact on the fermentability of NDCs by infant microbiota.
The preferences for specific structural features of NDCs by the faecal bacteria are partly
linked to the selectivity of ATP-binding cassette (ABC) transporter systems [40] and
carbohydrate-active enzymes expressed by the bacteria. As such, the NDC degradation
capability by bacteria even differs on species level, as exemplified by Bifidobacterium [41]. It
is out of the scope of this research and practically impossible to relate all the structural
preferences of the infant faecal microbiota to specific bacterial species. Nevertheless, the
knowledge obtained on the substrate specificities of the infant faecal microbiota as a whole
is highly valuable for the design of tailored NDC mixtures for infants of different age groups.

NDC-specific stimulation of Bifidobacterium and Enterococcus

Since the bacteria themselves as well as their fermentation metabolites have shown to
impact immunity [42,43], we studied the changes in microbiota composition and the
production of organic acids during fermentation of the NDCs by infant faecal microbiota of
2- and 8-week-old infants. Compared to the background fermentation of SIEM medium
components, the fermentation of the NDCs mainly impacted the relative abundance of
Bifidobacterium, Enterococcus and Clostridium sensu stricto | (Figure 7). Based on their
impact, the NDCs can be divided into two groups. Group | is characterized by the increase
in relative abundance of Bifidobacterium species which are known to exhibit
immunomodulatory properties [44], and consists of GOS, FOS and native inulin (Chapter 3)
and the IMO preparation. The second group of NDCs consists of native as well as enzyme-
treated oat B-glucan and can be characterized as Enterococcus-stimulating (Chapter 4). The
unfermentable IMMP does not belong to these two groups as their effects on the
microbiota composition were very minor.

The bifidogenic effect of GOS, FOS and native inulin is widely supported by previous in vivo
studies concerning infants at different ages as reviewed by Vandenplas et al [45] and
Firmansyah et al [46]. For the less studied IMO preparation, in vitro studies using pig faecal
inoculum and bifidobacterial isolates supported the bifidogenic effect [47,48]. Interestingly,
the bifidogenic effect of the IMO preparation was only observed with faecal microbiota of
2-week-old infants. The age-dependency of the bifidogenic effect also applies to native
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inulin, corresponding to the differences in their fermentability between the faecal
microbiota of 2- and 8-week-old infants (Figure 2). The bifidogenic effect of the NDCs in
group | was largely reflected by the level of acetate and lactate after 26 h of fermentation
(Figure 8). These organic acids are important end products of the bifid shunt, which is a
unigue hexose metabolism pathway of Bifidobacterium [49]. Overall, the bifidogenic effect
was most pronounced for faecal microbiota of 2-week-old infants with GOS, whereas for 8-
week-old infants native inulin resulted in the highest abundance of Bifidobacterium.
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Figure 7 Changes in microbiota composition after 26 h of fermentation of galacto-oligosaccharides
(GOS), fructo-oligosaccharides (FOS), native inulin, media supplemented with isomalto/malto-
polysaccharides (IMMP), the isomalto-oligosaccharide (IMO) preparation, media supplemented with
native oat B-glucan, enzyme-treated oat B-glucan and without added NDCs (blank) using pooled
faecal inoculum of 2- and 8-week-old infants. Results are the average of duplicate fermentations.

The second group of NDCs resulted in an increase in relative abundance of Enterococcus.
Enterococcus has received considerable negative attention in the past due to the
pathogenicity of some Enterococcus strains [50]. In contrast, commensal enterococci are
known to be one of the first colonizers of the infant gut [51] and are nowadays extensively
studied for their potential probiotic activity [50]. The increase in relative abundance of
Enterococcus upon fermentation of endo-1,3(4)-B-glucanase-treated oat B-glucan
correlated with the production of lactate after 26 h of fermentation (Figure 7-8), which is
the main end-product of the fermentation of hexoses by Enterococcus [52]. However, it is
important to bear in mind the possible bias in these results introduced by the in vitro batch
fermentation set-up. The build-up of lactate and the expected shift in pH in this one-
compartment model could have inhibited the growth of lactate-utilizing bacteria commonly
found in the infant gut [53,54]. These lactate-utilizing bacteria would otherwise have
converted the lactate into acetate or butyrate [55]. The fermentation of media
supplemented with native oat B-glucan did not result in the production of lactate. The
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presence of native oat B-glucan further stimulated the growth of Enterococcus on SIEM
medium components as observed in the background fermentation (Chapter 4).
Interestingly, the relative abundance of Clostridium sensu stricto | increased exclusively
during fermentation of native inulin by faecal microbiota of 2-week-old infants, alongside
the production of their main metabolic end product butyrate (Figure 7-8 and Chapter 3).
Taken together, our findings showed that the changes in microbiota composition and
consequent organic acid production are dependent on the structure of the NDCs and the
age of the infants, which could have implications for their immune effects (vide infra).

12

10

concentration (umol/mg)

LU L] e

2 8 2 8 2 8

2 8 2 8 2 8 8
GOS FOS native inulin  IMMP IMO native oat  enzyme- blank
B-glucan treated oat
B-glucan

[[]acetate MR propionate [ butyrate [[[]lactate [jsuccinate

Figure 8 Production of SCFAs, lactate and succinate after 26 h of fermentation of galacto-
oligosaccharides (GOS), fructo-oligosaccharides (FOS), native inulin, media supplemented with
isomalto/malto-polysaccharides (IMMP), the isomalto-oligosaccharide (IMO) preparation, media
supplemented with native oat B-glucan, enzyme-treated oat B-glucan and without added NDCs
(blank) using pooled faecal inoculum of 2- and 8-week-old infants. Results are the average of
duplicate fermentations.

Bacterial metabolites formed upon NDC fermentation cause immune attenuation

Several NDCs have been reported to influence immunity in vitro through their direct
interaction with Toll-like receptors (TLR) present on epithelial and dendritic cells [56-58].
However, these studies generally do not consider the impact of the degradation of the NDCs
by the gut bacteria and the consequent production of fermentation metabolites, on the
immune effects. Since the gastrointestinal tract is aligned with numerous dendritic cells, we
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studied the impact of the fermentation of NDCs on the cytokine responses by dendritic cells
derived from the umbilical vein.

Interestingly, digesta from control fermentations without added NDCs resulted in
substantial production of pro- and anti- inflammatory cytokines (Figure 9 and Chapter 3-4).
This could have been caused by the presence of bacteria-derived metabolites other than
SCFAs, such as histamines and exopolysaccharides [59]. In addition, the SIEM medium
contained significant amount of protein to mimic the intestinal environment. As such,
tryptophan was available, which can be metabolized by bacteria yielding immune-active
indole derivatives [60]. Next to metabolites, potential immune-active bacteria-derived
components such as DNA sequences and cell wall components [59], were present in the
digesta due to cell lysis upon heat treatment.
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Figure 9 Induction of cytokines by dendritic cells (fold change compared to 0 h with the y-axis of IL-6
presented on the right side) after incubation with digesta collected after 26 h of fermentation of
galacto-oligosaccharides (GOS), fructo-oligosaccharides (FOS), native inulin, media supplemented
with isomalto/malto-polysaccharides (IMMP), the isomalto-oligosaccharide (IMO) preparation,
media supplemented with native oat B-glucan, enzyme-treated oat B-glucan and without added
NDCs (blank) using pooled faecal inoculum of 2- (A) and 8-week-old (B) infants. Data are shown as
averages with n=6 and error bars represent standard error of the means.

In comparison to the control fermentation, fermentation of the NDCs principally attenuated
the cytokine production by the dendritic cells (Figure 9 and Chapter 3, 4). The only increase
in production was observed for IL-6 when the dendritic cells were incubated with the
digesta of IMMP fermentation with faecal microbiota of 2-week-old infants. The extent of
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attenuation varied depending on the NDC and the infant age. Overall, with faecal microbiota
of 2-week-old infants the fermentation of endo-1,3(4)-B-glucanase-treated oat B-glucan
was most effective in attenuating the cytokine production, whereas faecal microbiota of 8-
week-old infants most effectively attenuated cytokine production through the fermentation
of GOS.

The immune attenuation is partly assigned to specific organic acids produced upon
fermentation of the NDCs (Figure 8). For example, the production of butyrate upon
fermentation of native inulin was related to a strong attenuation of the CCL2 and IL-10
production (Chapter 3), which is in line with the immune-attenuating effects of butyrate
demonstrated in previous in vitro studies [61]. The bacteria themselves could also play an
important role in the immune attenuation as exemplified by native oat B-glucan (Chapter
4). The Enterococcus-stimulating effect of this unfermentable NDC contributed to the
immune attenuation, presumably by carbohydrates on the cell surface of Enterococcus [62].
The previously reported stimulation of specific cytokine production through the direct
interaction of NDCs with TLRs on dendritic cells or monocytes [58,63], has not been observed
in this study. The digesta collected at t=0 as well as intact NDCs without fermentation
medium did not result in significant production of cytokines (data not shown). This
contradictory result may be due to the removal of lipopolysaccharide (LPS) using polymyxin-
B from all the digesta which were incubated with the dendritic cells in our study. LPS is an
ubiquitous immune-active contaminant specifically interacting with TLR4 [64]. Traces of LPS
in NDCs are sufficient to generate misleading results when the cytokine production by
dendritic cells is assessed as shown in previous study [65].

Potential direct attenuating effects of the intact NDCs cannot be excluded yet with the
experimental set-up used in our study, since a certain amount of immune stimulation is
needed to be able to observe the attenuation. In addition, it is unknown if the structural
changes of the NDCs during fermentation influenced their interaction with immune
receptors on the dendritic cells as reported previously for the glycosidic fermentation
products of barley B-glucan and sugar beet pectin [66]. That study did not include
microbiota-dependent immune effects of NDCs as the dendritic cells were derived from
TLR2/4 knock out mice. Hence, it remains to be identified if the NDC glycosidic fermentation
products contribute significantly to the observed immune effects of the NDCs.

Overall, the fermentability of the NDCs was positively correlated with the attenuation of
the cytokine production by the dendritic cells. For example, the fermentability of the IMO
preparation and enzyme-treated oat B-glucan (Figure 2) as well as the immune attenuation
by their fermentation digesta were more pronounced with faecal microbiota of 2-week-old
infants than with faecal microbiota of 8-week-old infants. Taken together, these findings
imply a large contribution of the bacteria-derived components and metabolites to the
immune effects of the NDCs, although the impact of the intact NDCs or glycosidic
degradation products cannot be excluded.
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Implications of results for tailoring NDC mixtures for infant formula

To our knowledge this is one of the first studies focusing on the impact of the fermentation
of NDCs by infant faecal microbiota on the immune-modulating capacity of the NDCs.
Fermentation digesta of the different NDCs included in this study attenuated the production
of both pro- and anti-inflammatory cytokines by dendritic cells. The extent of attenuation
depended on the age and consequent microbiota composition of the infants as well as the
structure of the NDCs, which together determine the presence and abundance of the
immune-active bacteria-derived components and metabolites in the digesta.

The attenuation of inflammatory responses is beneficial in infants with their immature
intestinal immune system characterized by excessive inflammatory responses [67]. In
accordance, inflammatory and infectious diseases such as necrotizing enterocolitis (NEC),
are common in the first years of life [68]. HMOs have been reported to protect infants
against these diseases through the attenuation of pro-inflammatory cytokines [69,70]. At this
stage, it is impossible to predict if NDCs could resemble the immune-modulating effects of
the HMOs as recent studies emphasized the complexity of the cytokine network present in
the intestine, in which each cytokine can exhibit multiple functions [71,72]. As such, follow-
up studies on tissue scale are necessary to more accurately predict the eventual health
outcomes of the fermentation of the NDCs in infants.

Our research confirms the potential of tailored NDC mixtures for substitution of infant
formula to meet the needs of infants of different ages as the NDC-degrading capacity of the
infant microbiota changed upon aging. Interestingly, we even showed a negative correlation
between the fermentability of IMOs and the infant age, impacting the eventual cytokine
profiles of the dendritic cells. The results obtained in this study with pooled faecal inoculum
of 2- and 8-week-old infants are applicable to a broader age range as the exact timing of the
development of the NDC-degrading capacity was infant-dependent (Chapter 2). The
fermentation behaviour of the pooled faecal inoculum more closely reflected the behaviour
of the individual faecal inoculum with the highest NDC degrading capacity present in the
pool.

Future perspectives

The aim of this thesis was to determine the fermentability of different NDCs and their
microbiota-dependent immune effects in the infant gut. We especially paid close attention
to the exact structure of the NDCs and how the structure affects the fermentability and
consequentimmune effects. The developed characterization method based on UHPLC-PGC-
MS showed us that the fermentability of NDCs by infant microbiota is not only dependent
on the size of the NDCs, but also on structural features such as the anomeric configuration
and type of the glycosidic linkages. In addition, UHPLC-PGC-MS shed light on the high
complexity of NDC mixtures. Commercial NDC mixtures often approached of containing one
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structure with a straightforward bioactivity, even turned out to be structurally very different
from each other. For example, commercial GOS preparations are produced with different
B-galactosidases with specific stereochemistry, which results in mixtures enriched in either
B(1-3)-, B(1-4)- or B(1-6)-linked galactose residues with different DP distribution [15,73]. This
has significant implications for the type and level of bioactivity of the commercial GOS
mixtures due to the structure-specific fermentability of NDCs by gut microbiota. Future
studies concerning health-effects of NDCs should thus always include detailed information
on the structure of the NDCs, which facilitates the comparison between results from
different studies. In addition, fractionation of immune-active NDCs will contribute to the
effective recognition of the structure-specific immune effects. In this way we will obtain a
deeper understanding of the highly complex and fascinating interplay between NDCs, the
microbiota and host immunity.

Our study provided potential NDCs which could be added to infant formula for specific
infant age groups. These NDCs were selected based on the extent of attenuation of the
cytokine production by dendritic cells through the fermentation digesta, which mainly
depended on the bacteria-derived components and metabolites. However, the clinical
relevance of the attenuation of specific cytokines by dendritic cells remains to be identified.
In addition, next to the immune effects provoked by the dendritic cells there are
undoubtedly many more pathways through which the NDCs can interact with host
immunity [74]. Hence, the NDCs selected in this study should preferably be further
investigated in an advanced model, which more closely mimics the intestinal environment
by the presence of e.g. an epithelial layer, macrophages and lymphocytes. Organoid
technologies which are currently rapidly advancing could prove highly suitable for this
purpose [75]. These three-dimensional tissue cultures can be composed of different cell
types commonly found in the gut, thereby reflecting both the phenotype and the physiology
of the intestine. Several studies succeeded to co-culture intestinal organoids with bacteria
to study their complex interactions [76,77].

Importantly, the model should consider the mucus layer that covers the intestinal
epithelium and forms a solid barrier to prevent translocation of bacteria from the lumen
into the systemic circulation. The microbiota composition of the mucus layer and the
luminal intestinal contents significantly differ due to distinct availability of carbohydrates
for bacterial growth in these intestinal regions [78]. The mucus-associated bacteria are closer
located to the epithelial layer, which suggests that their interaction with immune cells either
directly or via the production of metabolites, is more potent than for lumen-associated
bacteria. Incorporation of the ‘bacterial niche effect’ in the model will demonstrate if the
bacteria-derived components and metabolites present in the lumen can exert their
immune-attenuating effects despite the presence of the mucus layer.

Finally, another important aspect to keep in mind is the regional immune specialization of
the gut. The immune environment differs significantly throughout the gut with respect to
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e.g. the thickness of the mucus layer and the distribution of T-cell subsets and dendritic cells
[79]. The immune effects of a slowly and rapidly fermentable fibre resulting in similar
bacteria-derived components and metabolites, might thus be completely different. Hence,
NDC mixtures should preferably be designed in such a way that their structures tailor the
microbiota composition and stimulate the desired region-specific immune response; a
targeted approach. However, the production of such tailored NDC mixtures is practically
impossible, due to high intra- and inter-individual variability as well as regional variation in
microbiota composition throughout the infant gut [80]. This issue could be solved by the use
of postbiotics, which refers to non-viable bacteria and their metabolites produced ex vivo
[81]. In contrast to probiotics and synbiotics, postbiotics guarantee the release of the
immune-active bacteria-derived components and metabolites in the infant gut. The
targeted delivery of the postbiotics to the desired region of the intestine could be enabled
by encapsulation techniques which are nowadays used for probiotics [82]. Taken together,
the supplementation of cow-milk based infant formula with both postbiotics and NDCs
could be of high value in the future to ensure a solid level of immunomodulation whilst at
the same time supporting the colonization of the infant gut.
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Summary

The bacterial colonization of the infant gut has been recognized to play a key role in the
development and maturation of the infant intestinal immune system. Human milk
oligosaccharides (HMOs) present in human milk have been considered the gold standard
for guiding the bacterial colonization. The first chapter of this thesis describes the
development of the intestinal immune system and the establishment of gut microbiota in
early life, as well as the impact of HMOs on these processes. For those infants for which
human milk is not a feasible option, cow-milk based infant formulas are supplemented with
e.g. non-digestible carbohydrates (NDC) to replace HMOs and to resemble their functional
properties. Some commonly used and novel, potential NDCs are discussed in more detail.
Due to their complexity, little is known on the fate of NDCs in the infant gut and how the
fermentation of the NDCs by infant gut bacteria affects the immunomodulating capacity of
the NDCs.

Infants are known for their high inter-individual variability in gut microbiota composition in
the first months of life. Numerous in vitro fermentations using individual faecal inocula of
different infants would be required to study the fate of NDCs in the infant gut. An alternative
high-throughput approach could be the use of pooled infant faecal inoculum as is evaluated
in Chapter 2. An in vitro fermentation of galacto-oligosaccharides (GOS) using individual and
pooled faecal inocula of 2-week-old infants showed that the bacterial functionality of the
pool is largely equivalent to the functionality of the individual inocula. Hence, in the further
research, pooled infant faecal inocula is used to study the structure-specific utilization of
NDCs by infant gut bacteria.

In total, 7 structurally different NDCs were studied using an in vitro batch fermentation set-
up. Faecal material of both 2- and 8-week-old infants were used as inoculum to determine
the effects of NDCs in the crucial timeframe of infant microbiota development. Samples
were collected at different time points. Subsequently, the degradation of the NDCs, the
changes in microbiota composition and the production of organic acids were studied, as
well as the effects of the fermentation digesta on the cytokine production by dendritic cells.
Chapter 3 describes the fermentability and consequent immune effects of FOS and native
inulin. Both NDCs showed a bifidogenic effect, which correlated with the production of
acetate and lactate. Faecal microbiota of both 2- and 8-week-old infants primarily
fermented the trisaccharides present in FOS. In contrast, the effects of native inulin were
dependent on the age of the infants. The bifidogenic effect and production of organic acids
were higher with faecal microbiota of 8-week-old infants, which was assigned to a more
pronounced degradation of native inulin. Whereas faecal microbiota of 2-week-old infants
primarily utilized native inulin with degree of polymerization (DP) 3-8, faecal microbiota of
8-week-old infants degraded longer chains of native inulin up to DP 16. The fermentation
of both FOS and native inulin attenuated the production of pro-inflammatory cytokines by
dendritic cells. The extent of attenuation correlated with the type and abundance of organic
acids formed during the fermentation.
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The fermentation characteristics and immuno-modulating properties of native and endo-
1,3(4)-B-glucanase-treated oat B-glucan are described in Chapter 4. The enzyme treatment
of native oat B-glucan (=300 kDa) resulted in the formation of gluco-oligomers with DP 2-5.
While native oat B-glucan remained intact, the gluco-oligomers were fermented to a large
extent by faecal microbiota of 2- and 8-week-old infants with a clear preference for f(1->4)-
linked oligomers. The fermentation rate was highest with faecal microbiota of 2-week-old
infants and correlated with the production of lactate. The fermentation digesta of native
oat B-glucan attenuated the production of pro-inflammatory cytokines by dendritic cells,
which was more pronounced after enzyme treatment of the glucan. Both the fermentation
of native and enzyme-treated oat B-glucan increased the relative abundance of
Enterococcus. The attenuation of the pro-inflammatory response might have resulted from
the interaction between Enterococcus cell wall fragments and immune receptors on the
dendritic cells.

Our study also includes some highly complex NDCs such as GOS and isomalto-
oligosaccharides (IMO), which are composed of many oligosaccharides varying in size, type
of linkage and monomer composition. The large number of isomers makes the
characterization of these NDCs rather challenging. In this study, a high-throughput
characterization method was developed based on UHPLC-MS with a porous graphitic
carbon (PGC) stationary phase to facilitate the determination of structure-specific health
effects of complex NDCs. Chapter 5 describes the application of this method for the
characterization of Vivinal GOS. The method provided deeper insight into the complexity of
Vivinal GOS. The adequate retention mechanism of PGC resulted in the separation of more
than 100 different GOS structures in one single run. Reduction of the reducing ends prior to
analysis made it a straightforward approach to recognize the reducing and non-reducing
isomers. In total, 23 reducing and 15 non-reducing GOS DP3 isomers with a (1-1)-linkage
were identified. In addition, a fragmentation rule was discovered to distinguish reducing
isomers with a mono- and di-substituted terminal glucose. In this way, UHPLC-PGC-MS
facilitates effective recognition of structural features which could impact the fermentability
of the NDCs by infant faecal microbiota.

In Chapter 6, the fermentation characteristics and immune effects of the NDCs included in
Chapter 3 and 4 as well as GOS, IMO, and isomalto/malto-polysaccharides (IMMP) are
discussed and compared in detail. The large number of NDCs included in this study together
with the focus on the fate of individual oligomers present in the NDCs increased our
understanding of their structure-specific fermentability by infant faecal microbiota and
concomitant immune effects. The implications of the immune-attenuating effects of the
NDCs are discussed taking into account the limitations of the in vitro set-up used in our
study. Finally, we illustrate how the results obtained in this study contribute to the next
generation of cow-milk based infant formula.
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De kolonisatie van de babydarm met bacterién speelt een sleutelrol bij de ontwikkeling en
rijping van het immuunsysteem in het darmstelsel. Specifieke koolhydraten die aanwezig
zijn in moedermelk (humane melk oligosachariden; HMOs) hebben een grote invioed op
deze kolonisatie. HMOs worden niet verteerd in de dunne darm, waardoor ze onaangeroerd
in de dikke darm terechtkomen. Hier vormen ze een bron van voeding voor de bacterién in
de darm, ofwel de darmmicrobiota. Het eerste hoofdstuk van dit proefschrift beschrijft de
ontwikkeling van het immuunsysteem in het darmstelsel en de vestiging van de
darmmicrobiota in baby’s. Ook wordt de invloed van HMOs op deze processen besproken.
Wanneer moedermelk geen optie is, wordt de baby gevoed met op koemelk gebaseerde
flesvoeding aangevuld met bv. niet-digesteerbare carbohydraten (NDCs) om de HMOs met
hun functionele eigenschappen te vervangen. Enkele veelgebruikte en potentiéle NDCs
worden in meer detail besproken. Door de complexiteit van de NDCs is er nog maar weinig
bekend over hun afbraak door de darmmicrobiota van baby’s. Ook is niet bekend of de
fermentatie van de NDCs door deze darmbacterién effect heeft op het immuunsysteem.
Baby’s staan bekend om de hoge interindividuele variabiliteit in de samenstelling van de
darmmicrobiota in de eerste levensmaanden. Hierdoor zouden talrijke in vitro fermentatie-
experimenten met individuele fecale inocula van verschillende baby’s nodig zijn om de
afbraak van NDCs in de babydarm te bestuderen. Een alternatieve “high-throughput”
benadering is het combineren van fecaal materiaal van verschillende baby’s in een “gepoold
fecaal inoculum”, dat in hoofdstuk 2 geévalueerd wordt. Een in vitro fermentatie van
galactose-oligosachariden (GOS) met zowel individuele als gepoolde fecale inocula van 2
weken oude baby’s toonde aan dat de bacteriéle functionaliteit van het gepoolde inoculum
grotendeels gelijk is aan de functionaliteit van de individuele inocula. Daarom wordt in deze
studie het gepoolde inoculum van babyfeces gebruikt om de structuur-specifieke afbraak
van NDCs door de darmmicrobiota van baby’s te bestuderen.

In totaal hebben we 7 verschillende NDCs onderzocht met behulp van een in vitro batch
fermentatieopstelling. Fecaal materiaal van zowel 2 als 8 weken oude baby’s werd gebruikt
om de effecten van de NDCs te bepalen in het cruciale tijdsbestek van de ontwikkeling van
de darmmicrobiota. Op verschillende tijdstippen werden monsters verzameld, die werden
bestudeerd op de afbraak van de NDCs, de veranderingen in de samenstelling van de
darmmicrobiota en hun productie van korte-keten vetzuren (KKVZ), evenals de effecten van
de fermentatiedigesta op de productie van cytokines door dendritische cellen.

Hoofdstuk 3 beschrijfft de fermenteerbaarheid en de daaruit voortvloeiende
immuuneffecten van fructose-oligosacchariden (FOS) en inuline. FOS en inuline vertoonden
een bifidogeen effect, dat correleerde met de productie van acetaat en lactaat. Fecale
bacterién van zowel 2 als 8 weken oude baby’s fermenteerden voornamelijk de
trisachariden die aanwezig zijn in FOS. In tegenstelling tot FOS waren de effecten van inuline
afhankelijk van de leeftijd van de baby’s. Het bifidogene effect en de productie van KKVZ
waren hoger bij de 8 weken oude baby’s, wat kan worden toegeschreven aan een hogere
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afbraak van inuline. Terwijl de fecale bacterién van 2 weken oude baby’s voornamelijk
gebruik maakten van inuline met polymerisatiegraad (DP) 3-8, braken de fecale bacterién
van 8 weken oude baby’s ook de langere ketens van inuline tot DP16 af. De fermentatie van
FOS en inuline verzwakte de productie van pro-inflammatoire cytokines door de
dendritische cellen. De mate van verzwakking correleerde met het type en de hoeveelheid
KKVZ die tijdens de fermentatie werden gevormd.

De fermentatiekarakteristieken en immuunmodulerende eigenschappen van natuurlijke en
met endo-1,3(4)-B-glucanase behandelde haver-B-glucanen worden in meer detail
besproken in hoofdstuk 4. De enzymbehandeling van natuurlijke haver-B-glucaan (= 300
kDa) resulteerde in de vorming van glucose-oligomeren met DP 2-5. Hoewel de natuurlijke
B-glucanen onaangeroerd bleven, werden de glucose-oligomeren grotendeels afgebroken
door fecale bacterién van 2 en 8 weken oude baby’s met een duidelijke voorkeur voor
B(1->4) gekoppelde oligomeren. De fermentatiesnelheid was het hoogst met fecale
bacterién van 2 weken oude baby’s en correleerde met de productie van lactaat. De
fermentatiedigesta van de niet-fermenteerbare natuurlijke haver-p-glucaan verzwakte de
productie van pro-inflammatoire cytokinen door dendritische cellen. De enzymbehandeling
resulteerde in een nog verdere verzwakking van de pro-inflammatoire respons. De
fermentatie van zowel de natuurlijke als de met enzym behandelde haver-§-glucaan leidde
tot een relatieve toename van Enterococcus. De verzwakking van de pro-inflammatoire
respons kan het gevolg zijn van de interactie tussen celwandfragmenten van Enterococcus
en immuunreceptoren op de dendritische cellen.

Deze studie omvat ook enkele zeer complexe NDCs zoals GOS en isomalto-oligosachariden
(IMO). Deze NDCs bestaan uit een grote verscheidenheid aan oligosachariden die
verschillen in grootte, de monomeersamenstelling en het type bindingen tussen de
monomeren. Het grote aantal isomeren maakt de karakterisering van deze NDCs zeer
uitdagend. In deze studie werd een “high-throughput” karakteriseringsmethode ontwikkeld
op basis van UHPLC-MS met een stationaire fase van poreuze grafiet-koolstof (PGC) om de
bepaling van structuur-specifieke gezondheidseffecten van complexe NDCs te
vergemakkelijken. In hoofdstuk 5 wordt de toepassing van deze methode voor de
karakterisering van Vivinal GOS beschreven. De methode heeft ons inzicht gegeven in de
complexiteit van Vivinal GOS. De hoge resolutie van PGC resulteerde in de scheiding van
meer dan 100 verschillende GOS structuren in één enkele analyse. De reductie van de
reducerende uiteinden voorafgaand aan de analyse maakte het mogelijk onderscheid te
maken tussen de reducerende en niet-reducerende isomeren. In totaal werden er 23
reducerende en 15 niet-reducerende (1-1 binding) GOS DP3-isomeren geidentificeerd met
UHPLC-PGC-MS. Daarnaast werd er een fragmentatieregel ontdekt om reducerende
isomeren met een mono- en di-gesubstitueerde terminale glucose te herkennen. Op deze
manier faciliteert UHPLC-PGC-MS de detectie van structurele kenmerken die de
fermenteerbaarheid van de NDCs door de darmmicrobiota kunnen beinvioeden.
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In Hoofdstuk 6 worden de fermentatiekarakteristieken en immuuneffecten van zowel de
NDCs van Hoofdstuk 3 en 4 als GOS, IMO en isomalto/malto-polysachariden (IMMP) in
detail besproken en vergeleken. De grote verscheidenheid aan onderzochte NDCs in
combinatie met de focus op de afbraak van individuele isomeren, heeft aanzienlijk
bijgedragen tot de kennis van structuur-specifieke afbraak van NDCs door de
darmmicrobiota van baby’s en de daaruit voortvloeiende immuuneffecten. De implicaties
van de immuunverzwakkende effecten van de NDCs worden besproken, rekening houdend
met de beperkingen van de in vitro opstelling die in ons onderzoek werd gebruikt. Ten slotte
wordt geillustreerd hoe de resultaten van dit onderzoek bijdragen aan de volgende
generatie flesvoeding op basis van koemelk.
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