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Chapter 1

Background
The health promoting and immune-modulatory effects of pre- and probiotic agents
receive much attention nowadays, both in scientific literature and popular media. At
the time of writing this thesis, an intensive advertising campaign is run on Dutch
television that hints at the fact that 70-80% of the body’s lymphoid tissue is located in
or around the visceral organs (‚70% van je weerstand wordt in je buik bepaald, dat is
waar je de voorsprong haalt‛; advertisement for Danone Actimel) (1). Indeed, it is
known that the intestinal microbiota have a large impact on immune function and
development. This effect is most obvious in germ-free mice. Compared to conventional
mice, germ-free mice display reduced numbers of systemic T and B cells, reductions in
specific subsets of mucosal T cells, decreased cell-mediated immune responses, reduced
immunoglobulin (Ig) A production, reductions in the number and size of Peyer’s
patches (PP), reduced size of mesenteric lymph nodes (MLN), and so on and so forth;
conditions that can be normalized after conventionalization (reviewed in 2).
Human infants are devoid of bacteria before birth, but are colonized during delivery.
Many factors influence this process and the subsequent development of the intestinal
microbiota in the neonate. The mode of delivery is an important early determinant (3).
After the initial colonization, the type of infant feeding plays an important role in the
development of the microbiota. The microbiota in breast-fed infants quickly becomes
dominated by bifidobacteria, whereas (standard) formula feeding leads to a relative
increase in the number of Bacteroides and decreased amounts of bifidobacteria. In
addition, a difference in the composition of the minor bacterial groups has been
reported for both groups of infants (4). The ‘bifidogenic’ effect of breast milk is thought
to be a multi-factorial phenomenon, in which the presence of a large amount of highly
diverse oligosaccharides in human milk plays a major role (reviewed in 5).
Before the start of the experiments that are described in this thesis, an oligosaccharide
concept was devised for application in infant formula, with the original goal to mimic
the bifidogenic effects of human milk oligosaccharides (HMOS) (6). This concept
consisted of short-chain galactooligosaccharides (scGOS) and long-chain
fructooligosaccharides (scFOS) in a 9:1 ratio (Immunofortis; previously described in
literature as GOS/FOS). Clinical studies demonstrated a bifidogenic effect of these
oligosaccharides in pre-term and term infants, making the microbiota more ‘breast-fedlike’ (7, 8).
It has been hypothesized that the early development of the intestinal microbiota is
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related to allergic sensitization in the host (9). In addition, breast feeding has been
associated with a reduction in atopic sensitization and infectious episodes in infants
compared to (standard) formula feeding (10, 11). Combining these data, it was
hypothesized that specific mixtures of oligosaccharides might induce immunemodulatory effects, possibly leading to an improved resistance to infections and/or a
reduction in allergic sensitization or symptoms.

Aim and outline of this thesis
The aim of the work described in this thesis was to investigate the immune-modulatory
effects of specific mixtures of oligosaccharides. These mixtures were designed for
human food applications, primarily in infant formula. In order to gain insight into the
immunological effects of these oligosaccharides, preclinical studies were performed in
various experimental mouse models, including disease-specific models. Although the
work was mainly focused on functional aspects of the immune-modulatory effects,
attempts were made to unravel parts of the underlying mechanism as well, including a
limited number of exploratory in vitro experiments.
The following main research questions were addressed in the experiments:
Does dietary application of specific mixtures of oligosaccharides lead to modulation
of systemic immunity?
Is the immune-modulatory effect correlated to changes in the intestinal microbiota
and is there evidence for microbiota-independent effects on the immune system?
Are the observed effects consistent in multiple animal models, including diseasespecific models?
An introductory review of the literature on immune-modulating effects of dietary
oligosaccharides and other non-digestible carbohydrates is presented in chapter 2. It
contains a comprehensive overview of the field including part of the data that is
presented in the other chapters, as well as an exploration of the possible mechanisms
underlying the immune-modulating effects.
Chapters 3 and 4 deal with the immune-modulatory effects of different
oligosaccharides and oligosaccharide mixtures in a murine influenza vaccination
model. The effects of the scGOS/lcFOS mixture are described in chapter 3, in
comparison to other prebiotic agents. The interaction effects between scGOS/lcFOS and
pectin-derived acidic oligosaccharides (pAOS) are described in chapter 4. In both
chapters, the effects of the oligosaccharides on the microbiota were explored as well.
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Aspects of the underlying working mechanism of oligosaccharide-induced immune
modulation were studied in the vaccination model and in vitro. A detailed correlation
analysis of the immunological and microbiota-related parameters in the vaccination
model is presented in chapter 5, in addition to an analysis of the phase of the immune
response at which the modulatory effect appears to occur. Chapter 6 describes a limited
selection of in vitro assays that were used to study potential microbiota-independent
effects of the oligosaccharide mixtures.
To investigate whether the previously observed immune-modulatory effects translated
into beneficial effects in specific disease conditions, the effects of the oligosaccharide
mixtures were tested in a murine cytomegalovirus (MCMV) infection model (chapter 7)
and a model of experimentally induced allergic asthma (chapter 8).
A novel infant formula concept was devised with the goal to support the infant’s
immune function and development optimally. It consisted of a mixture of
oligosaccharides and multiple other potential immune-modulating ingredients,
including n-3 and n-6 polyunsaturated fatty acids (PUFA). The immunological effects
of the oligosaccharides in this concept were described in earlier chapters, but the net
effect of the total concept is described in chapter 9. In addition, the effects of n-3 and n-6
PUFA-enriched diets were studied in a separate experiment that is described in chapter
9 as well.
Finally, the pattern of observed immunological effects in this thesis was compared to
known immunological mechanisms in the literature. The findings are described in
chapter 10, the general discussion, in addition to an account of the implications and the
clinical relevance of the totality of findings.
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Abstract
Orally applied non-digestible carbohydrates (NDC) have been associated with
immune-modulating effects and other health benefits. The effects of prebiotic
carbohydrates have recently received much attention, but other NDCs have been
reported to induce immune modulation as well. Many different effects have been
shown on parameters of innate and specific immunity, mostly in animal experiments or
in vitro. Data from clinical trials are limited, but promising studies have reported
beneficial effects on mucosal and systemic immunity in humans.
NDCs are fermented to various degrees by the intestinal microbiota. Therefore,
immune-modulatory properties have often been attributed to microbiota-dependent
effects, especially in the case of prebiotic NDCs. However, some NDCs have been
reported to bind to specific receptors on cells of the immune system, suggesting
microbiota-independent, immune-modulatory effects play a role as well.
This review aims to provide an overview of the published immune-modulatory effects
in vitro and in vivo induced by NDCs such as fructans, galactooligosaccharides, βglucans, pectins, and resistant starch. In addition, issues related to the underlying
mechanisms are discussed: interaction between bacteria, their metabolites and the
immune system, as well as direct effects of NDCs via lectin receptors.
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Chapter 2

1. Introduction
Non-digestible oligosaccharides and polysaccharides are natural constituents of many
foods. They are often referred to as dietary fiber and are associated with many health
benefits, including beneficial effects on fermentation, mineral absorption, barrier
function, fat metabolism and cholesterol levels, glycemic and insulin responses, bile
acid excretion, and the incidence of colon carcinoma (1).
The immune-modulating effects of these components are the topic of the current
review, which is restricted to dietary carbohydrates that are not (fully) digestible by
human or animal digestive tract endogenous enzymes. The emphasis throughout this
review is on host immune modulation (i.e. modulation of cells or cell functions that
play a role in immunological responses).
Plant-derived non-digestible carbohydrates (NDC) constitute the majority of dietary
fiber in human food. The average daily intake of fiber in adults consuming Western
diets is reported to vary from 16 to 44 g/day. The NDCs in food are very diverse in
structure, including cellulose, pectins, inulins, gums, and resistant starch. Most NDCs
are at least partially fermented in the large intestine. As a general rule, soluble NDCs
such as inulin or pectin are well fermented, whereas insoluble NDCs such as cellulose
or some forms of resistant starch are poorly fermented (2).
A major non–plant-derived source of NDCs is human breast milk. Non-digestible
human milk oligosaccharides (HMOS) are normally present at approximately 10g/L,
making it the third major constituent in mature human milk (3). An overview of the
main characteristics and food sources of the most studied NDCs in the context of
immune modulation are shown in Table 1.
It was recognized long ago that the composition of the intestinal microbiota in breastfed infants was different from the composition of intestinal microbiota in early weaned
children (4). It was recognized that carbohydrates cause this beneficial effect to the host
(5). Nowadays, the HMOS-fraction is regarded as the first prebiotic agent that
newborns encounter in life (6).
Prebiotics can be defined as ‚non-digestible food ingredients that beneficially affect the
host by selectively stimulating the growth and/or activity of one or a limited number of
bacteria in the colon‛ (7). Most NDCs are fermented at least partially in the large
intestine, thereby affecting the growth and/or function of the local bacteria. According
to the quoted definition, these carbohydrates qualify as prebiotics only if the observed
stimulatory effects are specific for a (limited number of) bacterial species and if there is
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Table 1. Non-digestible carbohydrates that modulate immune function: characteristics and food sources
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benefit for the host. Whether or not an NDC is a bona fide prebiotic agent according to
this definition is not of major concern in this review; the term ‚prebiotic‛ is used freely
throughout this article to indicate effects on microbiota, such as bifidobacteria and
lactobacilli.
Bifidobacteria and lactobacilli belong to the group of lactic acid bacteria (LAB), which
are regarded as beneficial when present in the gut. The growth and/or activity of these
bacteria can be stimulated by application of prebiotic agents, but another approach is to
administer such bacteria as orally applied probiotics. Probiotics can be defined as ‚live
microorganisms administered in adequate amounts that confer a health effect on the
host‛ (8). Because prebiotic and probiotic agents both affect the prevalence and/or
activity of LAB in the intestine, immune-modulatory effects could be caused by
microbiota-dependent mechanisms in both cases. However, prebiotic NDCs might also
affect the host and/or the microbiota on the basis of their carbohydrate structure, for
example, by activating or blocking cellular receptors, independent of the prebiotic
effect. Potential mechanisms of NDC-induced immune modulation are discussed in
this document; an overview is shown in Figure 1.
The literature on NDC-induced immune modulation is somewhat fragmented. The
very active research field in the area of prebiotics focuses mainly on the effects of
fructans and galactooligosaccharides (GOS). Immune-modulating effects of these
carbohydrates are often studied under the assumption that the prebiotic effect is
causative for the observed immune modulation. In contrast, β-glucans are widely
studied immune-modulatory NDCs that are frequently assumed to induce direct
receptor-mediated, immune-modulatory effects. The majority of publications dealing
with β-glucans feature systemic application of β-glucans that are often derived from
nonfood sources; specific β-glucans are even used in Japan for immune therapy in
cancer patients (9, 10). However, β-glucans are also found in many food sources
including various grains, edible mushrooms, and yeasts, but potential modulation of
the microbiota and indirect effects on the immune system receive little attention in
studies that focus on oral application of these components. Other groups of dietary
NDCs including pectins, resistant starches, and others, have not been studied as
elaborately in the field of immune modulation.
The aim of this review is to give a broad overview of the current evidence for immunemodulatory effects of orally applied NDCs in humans and experimental animals.
Evidence for indirect, microbiota-dependent mechanisms, as well as direct, microbiotaindependent mechanisms is considered and discussed. To elaborate further on these
possible working mechanisms, sections have been included that deal with immune
modulation by commensal or probiotic bacteria, by their metabolites, and by
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Figure 1. Potential mechanisms of immune modulation by orally applied non-digestible carbohydrates.
Potential mechanisms of immune modulation by non-digestible carbohydrates (NDC) in the gastrointestinal
tract are depicted schematically. Panel a: The mechanism of NDC-induced activation or blocking of host
receptors that are involved in immunological responses by direct binding. Panel b: The mechanism of NDCinduced modulation of the composition of the microbiota and the production of bacterial metabolites. Panel c:
The mechanism of direct interaction of NDCs with bacteria, by which adhesion to the mucosa and uptake of
bacteria may be modulated. I: Intestinal epithelial cells (E) may play a role in receptor-mediated interaction with
NDCs and bacterial adhesion that may be modulated by NDCs. II: Lamina propria dendritic cells (DC) have been
described to sample the gut lumen. Receptor activation or blocking and modulation of bacterial uptake by NDCs
may modulate the function of DCs. Because these DCs are know to migrate to mesenteric lymph nodes,
mucosal and systemic immune-modulating effects might be induced. III: M cells (M) are known to take up
bacteria and soluble antigens from the gut. NDCs might modulate these mechanisms or be taken up by M cells,
possibly affecting underlying immune cells including mononuclear cells (MN), macrophages (MΦ), and DCs. IV:
It has been described that dietary applied oligosaccharides are secreted in the urine in infants and adults. The
uptake mechanism is unknown, but it may facilitate systemic immune-modulatory effects of NDCs.

carbohydrate-binding proteins called lectins.
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2. Immune-modulatory effects
2.1. Human Milk Oligosaccharides
HMOS are a mixture of carbohydrates with an enormous structural diversity (see
Figure 2), containing a majority of short-chain neutral oligosaccharides that may be
linear or branched, as well as smaller amounts of acidic sialylated oligosaccharides and
long-chain oligosaccharides with lengths of up to 50 monomer units (11-13). A lactose
moiety forms the reducing end, although this may be conjugated to other
macromolecules in milk to form glycoproteins or glycolipids (14, 15). Fractions of
HMOS have been shown to act as decoy pathogen receptors: the host is passively
protected by the HMOS, which bind to pathogen structures that are necessary for
adhesion and infection. Targeted pathogens comprise bacteria, viruses, and fungi (14).
It has been hypothesized that one function of this large variety of HMOS structures is
to combat the large variety of pathogens that the infant may encounter. In accordance
with this notion, the adhesion of various pathogens is inhibited by different fractions of
HMOS (16). Additionally, HMOS may modify pathogen adhesion by modulation of
intestinal glycosylation patterns, as an oligosaccharide that is present in human milk
was shown to modify glycosylation patterns in a human colonic epithelial cell line (17).

Intensity (arbitrary units)
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Figure 2. The basic structure and size distribution of human milk oligosaccharides. Human milk
oligosaccharides (HMOS) are very diverse in structure and chain length. (a) The majority of HMOS feature a
lactose unit (Gal-β-(1,4)-Glc) at the reducing end and consist of the following building blocks: D-glucose (Glc), Dgalactose (Gal), N-acetylglucosamine (GlcNac), L-fucose and sialic acid, or N-acetylneuraminic acid (Neu5Ac).
The arrows mark the possible glycosidic linkages to fucose or sialic acid residues. (Adapted from Boehm and
Stahl (3).) (b) The size distribution of neutral HMOS was measured by MALDI mass spectrometry. HMOS consist
of a majority of short chains and a minority of longer chain molecules. The mass peaks below a mass-to-charge
ratio of 2000 represent oligosaccharides up to a degree of polymerization (dp) of 8. The zoomed in section
shows peaks representing oligosaccharides with longer chains (dp >20). Adapted from Boehm et al (93).
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The concentration and variety of neutral HMOS varies largely between individuals and
changes over the course of lactation (18). The expression pattern of HMOS was shown
to be related to maternal secretor and Lewis blood group type (19, 20). Lewis blood
group antigens are associated with helicobacter pylori infections (21), diarrhea
incidence in infants (20), and other health effects. Further investigation is needed to
investigate the potential role of HMOS in these matters.
HMOS may mediate systemic effects in infants, as they have been found in urine (22,
23). Systemic HMOS might affect pathogen adhesion at sites outside the
gastrointestinal tract, and they might affect receptor binding and subsequent complex
formation of immune cells as well, thereby affecting the immune response. In support
of this idea, direct modulatory effects of HMOS on T cells in vitro have been found (24).
In cultures with human cord blood cells, it was shown that acidic HMOS increased
production of T-helper1 (Th1) and T-helper2 (Th2) cytokines and expression of CD25, a
marker for activated or regulatory T cells. Possible target receptors for HMOS include
selectins (25, 26), DC-SIGN (27), integrins (28, 29), galectins (30), and many other
lectins.
There are indications that breast feeding modulates vaccination responses in infants
compared with formula-fed children. Measles, mumps, and rubella vaccination
induced significant changes in CD8+ T cells, natural killer (NK) cells, and mitogeninduced interferon (IFN)-γ production compared with baseline in 1-year-old breast-fed
children, but not in formula-fed children. No differences were observed in mitogeninduced interleukin (IL)-4 or IL-10 production, suggesting enhanced development of
Th1 responses in breast-fed children (28). Another study demonstrated that breast
feeding induced higher serum antibody responses to oral polio vaccine, but not to other
systemic vaccines (31). In addition, multiple reports in the literature show that breast
feeding lowers incidences of infections (32-34) and atopy-related disorders (35-37).
However, it is not clear from these studies to what extent HMOS are responsible for
these immunological effects compared with other factors in breast milk.

2.2. Fructans
Fructans are widely studied dietary carbohydrates that are used as prebiotic agents.
Additionally, they have been described as agents that can modulate glucose and lipid
metabolism (38, 39), and mineral absorption (40). Definitions of fructans, such as
various types of fructooligosaccharides (FOS) and inulin, vary widely in literature.
Most experiments that have been described in literature were performed with
unprocessed chicory inulin or fructans derived thereof. Unprocessed chicory inulin is
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mainly composed of fructans with a degree of polymerization (dp) ranging from 2 to
60, ending with a terminal glucose monomer. Throughout this article the term ‚inulin‛
refers to unprocessed chicory inulin unless stated otherwise. Partially hydrolyzed
inulin has a typical dp range of 2 to 8, and more molecules end without a terminal
glucose monomer compared with inulin; it is referred to as short-chain FOS (scFOS) in
this article. Physical removal of short-chain fructans from chicory inulin leads to a
mixture of fructans with terminal glucose monomers and an approximate average dp
of 22, referred to as long-chain FOS (lcFOS) in this article (41, 42). FOS can also be
produced by enzymatic elongation of sucrose (eeFOS); it typically consists of very short
fructan molecules of dp 2–4 (43). Illustrations of the basic molecular structures of
fructans are shown in Figure 3.

2.2.1. In Vitro Experiments
Immune-modulating effects of fructans are mainly studied in vivo. However, in one
report, inulin has been described to activate murine macrophage-like RAW264.7 cells in
vitro. Endotoxin-free inulin induced nitric oxide and tumor necrosis factor (TNF)-α
excretion when the cells were pretreated with IFN-γ. This effect was shown to be
associated with activation of protein kinase C-α and the transcription factor nuclear
factor- κB (NF-κB). Given that the effects were measured in a culture system in vitro, no
prebiotic mechanisms could have played a role in the observed effects. The working
mechanism was not elucidated; it is therefore not known whether the observed effects
are mechanistically related to the reported effects of γ-inulin (see section 2.2.4.) (44).
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Figure 3. The basic structures of carbohydrate chains in fructans. Most fructose chains in fructan preparations
end with a glucose residue at the reducing end (a). Chains that do not end with a glucose residue (b) are found in
small amounts in unprocessed chicory inulin and in larger amounts in short-chain fructooligosaccharides
(scFOS) derived from enzymatic digestion of inulin. Unprocessed chicory inulin mainly contains chains of n =1–
59. scFOS preparations are mainly composed of very small chains (n or m < 6)
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2.2.2. Animal studies
2.2.2.1. Intestinal Inflammation
Anti-inflammatory effects of fructans have been observed in several rat models for
inflammatory bowel disease (IBD). In a trinitrobenzene sulfonate (TNBS)-induced
colitis model, supplementation with an unspecified FOS preparation reduced disease
scores and lowered several inflammatory cytokines and markers (45). Similar results
were found in a transgenic spontaneous colitis model after supplementation with a
combination of scFOS/lcFOS (Synergy 1). In addition, an up-regulation of transforming
growth factor (TGF)-β was found (46).
Mechanistic aspects of fructan-induced effects have been investigated in an
experimentally induced colitis model. Oral application of an unspecified FOS
preparation or inulin reduced disease scores in these experiments, parallel to increases
in LAB and short-chain fatty acids (SCFA) in the colon. Oral application of LAB, as well
as colonic application of LAB+SCFAs, resulted in similar reductions of disease
symptoms. Colonic application of SCFAs resulted in partial reduction of symptoms
compared with oral fructans, whereas colonic application of inulin did not have any
effect (47, 48). These data indicate that fructans can ameliorate IBD symptoms in rat
models by microbiota-dependent mechanisms. This fits well with the current idea that
the microbiota play an important role in disease onset and perpetuation in IBD (49).

2.2.2.2. Systemic Inflammation and Infection
Apart from the anti-inflammatory effects observed in IBD-related animal models,
stimulatory effects have been described on several immune parameters. In an
endotoxemic shock model, 100g/kg dietary scFOS enhanced TNF-α and almost doubled
prostaglandin E2 (PGE2) serum responses after a lipopolysaccharide (LPS) challenge. It
increased the hepatic phagocytic Kupffer cell number and decreased serum alanine
aminotransferase, a parameter for liver damage, suggesting altogether improved
hepatic LPS clearance and reduced hepatoxicity (50). In apparent contrast, eeFOS
supplementation of 7.5 g/L in piglet milk resulted in decreased IL-6 induction 2 hours
after ex vivo LPS stimulation of whole blood, but this effect was not measured at later
time-points (51).
In systemic Listeria and Salmonella infection experiments in mice, high dietary doses
(100g/kg) of scFOS or lcFOS increased survival compared with controls. Interestingly,
lcFOS was more effective than scFOS and these effects were most striking in the Listeria
model. Unfortunately, the effects of both fructans on the microbiota were not analyzed;
the cause of the difference in effectivity remains unknown (52).
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2.2.2.3. Tumor Formation and Growth
In the same set of experiments in which effects on systemic infection were found, it was
shown that scFOS and lcFOS inhibited carcinogen-induced formation of aberrant crypt
foci. In addition, it was mentioned that these fructan supplemented diets enhanced NK
activity, heightened ‚sensitivity‛ of lymphocytes and increased phagocytic activity of
non-activated macrophages, but these data were not shown (52). Anti-carcinogenic
effects have been reported for other fructans as well. In a spontaneous colon tumor
model in transgenic mice, eeFOS reduced tumor incidence, whereas it enhanced the
number of lymphoid nodules in the small intestine (53). In a follow-up experiment, it
was shown that depletion of T cells increased the tumor incidence in supplemented
mice, but the setup of the experiment did not allow for solid conclusions related to the
underlying working mechanism (54). In contrast, low-dose inulin supplementation did
not induce protective effects in the same transgenic tumor model (55). In a chemically
induced rat tumor model, tumor-preventive effects were observed in mice treated with
scFOS/lcFOS. Similar effects were observed in rats that received a synbiotic
combination (combinations of probiotic bacteria and prebiotic substrates) of
scFOS/lcFOS and probiotic bacteria, but probiotics alone were not as effective (56). In
the prebiotic and synbiotic treated rats, production of IL-10 was elevated in Peyer’s
patch (PP) cell cultures, indicating a parallel effect of treatment on tumor- and immunerelated parameters (57).
Overall, there are multiple studies showing anti-carcinogenic effects of fructans in
animal models for colon carcinoma. However, it is unclear whether these effects are
mediated via immune modulation or other mechanisms, such as local effects of SCFAs
on colonocytes. Beneficial effects have been reported in animal models of systemic
tumors as well (58, 59). The working mechanisms were not elucidated, but in addition
to the prebiotic effects, it was speculated that lipid or glucose metabolism-related
mechanisms may have been involved as well.

2.2.2.4. Local Intestinal Immune Modulation
In one of the tumor models mentioned earlier, dietary supplementation with
scFOS/lcFOS in healthy control rats resulted in enhanced IL-10 production in spleen
cell cultures, enhanced spleen cell NK-activity, and a decreased ratio of CD4+/CD8+ Tcells (57). In another study from the same research group, scFOS/lcFOS was shown to
enhance rat PP IL-10 production after mitogen stimulation and cecal secretory
immunoglobulin A (sIgA) secretion. In addition, a combination of 2 probiotic strains
was tested, as well as a synbiotic combination. The effects of the different treatments
were not simply similar or additive: synbiotic treatment enhanced sIgA excretion in the
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ileum but not the cecum, whereas probiotics showed no effect at all. Probiotic and
synbiotic treatment, in contrast to scFOS/lcFOS, did not enhance PP cytokine
production (60).
Modulation of PP cytokine production has been observed in Balb/c mice as well. After 4
to 6 weeks of supplementation with eeFOS, Th1 and Th2 cytokines were produced at
higher levels in PP cell cultures. PP IgA production was increased, in addition to
elevated levels of IgA in the feces, although this latter effect appeared to be transient
(61). Dietary eeFOS supplementation increased PP cellularity in healthy mice; the total
cell number was increased, mainly due to an increase in B-cell numbers. In
endotoxemic mice, both T- and B-cell counts were higher in PPs of supplemented
animals than in controls (62). Supplementation of 5% eeFOS in infant mice, as well as
their dams before weaning, increased PP IgA-positive, but not total or immunoglobulin
M (IgM)-positive B cells. In addition, enhanced sIgA levels in gut and fecal samples,
polymeric Ig receptor expression, and cecal acetate and butyrate concentrations were
described (63).

2.2.3. Clinical Studies
Numerous clinical studies have been performed to investigate the effects of dietary
fructan supplementation, but the number of studies that focused on immunemodulating effects is more limited.
Some beneficial effects have been observed in IBD patients. In patients with moderately
active Crohn’s disease, supplementation with a combination of scFOS/inulin (Prebio),
up to 15g/day, decreased disease scores. It tended to increase the IL-10 producing
percentage of lamina propria dendritic cells (DC) from rectal biopsies as well, and
increased their Toll-like receptor (TLR)2 and TLR4 expression. It should be noted that
this was a very small open-label trial, so the data should be interpreted with caution
(64). Supplementation of 24g/day of inulin decreased histological inflammation scores
in potential pouchitis patients without overt symptoms. This observation was
associated with increased butyrate concentrations, a lowered pH, decreased secondary
bile acids, and decreased numbers of Bacteroides fragilis. Whether modulatory effects on
the immune system caused the anti-inflammatory effect is not clear; changes in the gut
content might have led to a decrease in disease-causing factors (65).
Synbiotic treatment of 12g/day scFOS/lcFOS, combined with probiotics in colitis
patients, resulted in a reduction of clinical inflammation symptoms, as well as a
reduction in excreted β-defensins and inflammatory cytokines, which are both
inflammatory markers. Because prebiotics were not tested without simultaneous
probiotics in this study, it is unclear whether the observed effects are due to the
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prebiotics, the probiotics, or their simultaneous application (66).
Supplementation of healthy, free-living, elderly human subjects with 6 g/d
scFOS/inulin did not affect responses against pneumococcal and influenza vaccines, the
number of infectious episodes in a half-year follow-up, or ex vivo cellular responses in
comparison to the placebo group. The supplementation period prior to vaccination was
only 1 or 2 weeks (this was not clearly described). If prebiotic effects would have been
necessary for immune-modulatory effects to occur, this period might have been too
short to induce modulation of the vaccination responses. Unfortunately, no effects of
supplementation on the microbiota were analyzed; therefore, it is unknown whether
and when prebiotic effects occurred in the study subjects (67).
Although not necessarily related to modulation of the host immune system, fructans
have been tested for the prevention and treatment of diarrhea. Studies dealing with
antibiotic-induced diarrhea are not within the focus of this review, but other studies
may be relevant. A study on travelers’ diarrhea showed some benefits of 10g/day FOS
(unspecified preparation) on self-reported well-being and some parameters of diarrhea
scores. However, no significant effect on diarrhea prevalence was observed (68). In
patients with Clostridium difficile-associated diarrhea, scFOS supplementation reduced
the relapse rate compared with placebo, parallel to an increase in the number of
bifidobacteria (69). It is unknown whether modulation of the host immune system
played a role in the observed effects, or whether these were mediated solely by effects
on the microbiota or direct effects on pathogen growth and/or adhesion.
It was reported that scFOS supplementation in combination with unphysiologically
low calcium diets could negatively affect barrier function, bacterial translocation, and a
diarrhea-associated parameter in rat studies (70-72). These data are in conflict with
effects on diarrhea in other studies and prompted a double-blind, placebo-controlled
crossover study in healthy volunteers. The effects of 20g scFOS per day in combination
with a well-controlled but calcium-restricted diet were not similar to the effects found
in the animal models; no effect on fecal water cytotoxicity or permeability was
observed, but mucin production was increased. Disputably, this was speculated to be
indicative of irritation (73). However, 25–30 g/d scFOS did not negatively affect fecal
water cytotoxicity or mucin excretion in a recent double-blind placebo-controlled study
using healthy volunteers on a regular diet (74).
There are little data on fructan supplementation in infants with regard to immunemodulating effects. Supplementation with scFOS or scFOS+zinc did not enhance
vaccination responses to Haemophilus influenzae and did not decrease the number of
visits to clinics, the use of antibiotics or other indirect parameters related to immune
function. However, many subjects in that study population received additional breast
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feeding along with solid foods, which could possibly explain the lack of prebioticrelated effect of scFOS (75). A scFOS-containing weaning food was reported to reduce
symptoms of diarrhea, including fever episodes and medical consultation, but not
diarrhea incidence. Additionally, cold-related symptoms and antibiotic use during cold
episodes were reduced. All data were gathered by parental report (76). In a recent
report, scFOS was studied in daycare-attending children. Although it was not the main
focus of the study, significantly fewer fever episodes were reported in the scFOS
groups compared with controls. A reduction in a combined parameter for intestinal
discomfort and disease was also reported (77). Additionally, the enhancing effect of
scFOS/inulin supplementation on measles vaccination-induced IgG titers in infants (7to 9-months old) was reported in an abstract, but the experimental data are not
accessible (78).
Overall, there are indications that fructan supplementation increases parameters of
immune competence in infants or young children, but more work is needed to
substantiate these findings.

2.2.4. Adjuvant Effects of γ-Inulin
Interesting observations have been made decades ago regarding a specific insoluble
form of inulin (γ-inulin: a crystallized form of dahlia-tuber derived inulin of dp >50)
that activates the alternative complement pathway and shows adjuvant activity when
injected intraperitoneally (79-81). Similar alternative complement activation effects
have also been described for other insoluble glycans (82). In a series of experiments, the
complement-activating activity of γ-inulin was shown to enhance the function of
murine antigen-presenting cells (APC); it enhanced complement factor C3 production
by macrophages as well as the stimulatory capacity of macrophages for antigen-specific
T cells (83). Anti-tumor effects of intraperitoneally injected γ-inulin were observed,
parallel to the complement activation mechanism both in dose and its dependence on
insolubility. Soluble inulin showed no effects, or even opposite effects, when injected
intraperitoneally (84). As stated before (see section 2.2.2), dietary application of fructans
has been reported to reduce the incidence, growth, and metastatic capacity of tumors in
animal models (not restricted to gut-related tumors), as well as being able to potentiate
the cytotoxic effect of chemotherapeutic drugs (58, 59). Although these dietary effects
are routinely attributed to prebiotic or metabolic effects of fructans, it is not clear from
the current literature whether there is a common immune-modulating mechanism
between γ-inulin and dietary fructan effects that does not involve the microbiota or its
metabolites.
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2.2.5. Fructans: Summarizing Remarks
A wide range of effects has been reported from fructan supplementation in animal
models, including anti-inflammatory effects in IBD-models, increased survival in
infection models, anti-carcinogenic effects, enhanced mucosal antibody responses, and
modulation of mucosal cytokine patterns and cell populations. Clinical studies have
shown similar results in IBD patients, but other effects are not as clear. The data on
infectious diarrhea and immune-modulating effects in infants and young children are
interesting, but more data from well-controlled studies are needed to corroborate these
findings.
Not many in vitro experiments have been performed with fructans. Because the
prebiotic effects of fructans have been well established (see also section 3.1.1.), most
experiments were carried out in vivo under the assumption that these microbiotadependent effects are causative of any immune-modulating effects that were measured.
For example, multiple groups have reported effects of fructans on PP cells (57, 60-63).
No attempts were made to correlate the observed immunological changes to changes in
the microbiota in any of these studies. In addition, the levels of intestinal SCFAs were
not measured in the majority of papers, making it impossible to draw conclusions
related to the underlying working mechanisms. However, PPs are located in the small
intestine, whereas fructans are fermented mainly in the large intestine. Therefore, it
could be speculated that microbiota-independent mechanisms may play a role in the
observed effects, but effects of low-level fermentation in the small intestine cannot be
excluded. There is one study showing in vitro effects of inulin independent of effects on
the microbiota (44); therefore, it is important that more research is done to confirm, or
rule out, microbiota-independent effects. Additionally, because there are considerable
differences in molecular structure among different fructan preparations, comparisons
among different fructans are needed to gain insight into the structure-function
relationship.

2.3. Galactooligosaccharides
Several types of GOS with different chemical characteristics have been used in research
with a focus on immune-modulatory effects. β-Linked GOS produced by elongation of
lactose using β-galactosidase enzymes is mostly referred to as trans-GOS or TOS in
literature (see Figure 4 for an illustration of the basic molecular structure). In this
review, it is referred to as β-GOS. α-Linked GOS produced by elongation of galactose
by α-galactosidases is referred to as α-GOS in this article (85, 86).
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Figure 4. Examples of the chemical structure of α- and β-galactooligosaccharides (GOS). Enzymatic
elongation of galactose or lactose is used to produce α- or β-GOS, respectively. A disaccharide with α-(1,6)linkage (a) is an abundantly produced component in the production of α-GOS, but various other linkages and
trisaccharides and tetrasaccharides occur as well (85). β-GOS may contain a variety of chain lengths (majority is
dp <6) and linkages. An example is shown with a β-(1,6)-linkage (b).

α-Galactosyl derivates of sucrose occur widely in nature; the trisaccharide raffinose and
the tetrasaccharide stachyose are present in soy beans and many other plants. Although
these oligosaccharides can be classified as α-GOS, the trivial names are used
throughout this article to avoid confusion with enzymatically produced α- and β-GOS.

2.3.1. In Vitro Experiments
It was recently reported that β-GOS inhibited adhesion of pathogenic E. coli to Hep-2
and Caco-2 epithelial cell lines more effectively than several fructans, raffinose, or
lactulose (87). Inhibition of pathogen adhesion has also been described for HMOS (see
section 2.1) and can be effective in prevention of infection. However, this effect is
probably due to direct binding of NDCs to pathogens and thus does not involve
modulation of the host immune system.

2.3.2. Animal Studies
β-GOS (4 g/kg/day) did not reduce inflammation in a TNBS-induced colitis model in
rats, although it did increase fecal counts of bifidobacteria, as well as other bacterial
counts on a nonspecific growth medium (88). It was speculated that TNBS-induced
colitis is too severe to pick up beneficial effects of a prebiotic; however, such beneficial
effects have been found after FOS supplementation (45).
Oral α-GOS supplementation resulted in inhibition of lung eosinophilia and Th2related cytokine expression in a rat model for ovalbumin (OVA)-specific allergic
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asthma. In follow-up experiments, intra-peritoneal injection of α-GOS yielded similar
results, even when it was applied in animals that had undergone cecectomy and
treatment with antibiotics to prevent any effect of treatment on the microbiota (89).
These results strongly suggest that the immune-modulatory effects are not due to a
prebiotic effect, but to a direct effect of α-GOS on the immune system.
Immune-modulatory effects of orally applied α-linked GOS were also shown in a
collagen-induced arthritis model. Orally administered α-GOS reduced clinical signs
and nitrite/nitrate concentrations in serum, suggesting a down-regulation of
inflammation. In apparent contrast, α-GOS supplementation enhanced spontaneous
and LPS-induced IL-1α production by peritoneal macrophages ex vivo. Unfortunately,
no further experiments were performed to unravel the underlying mechanism that
caused the effects in vivo (90).
Dietary, as well as systemically applied raffinose, was shown to inhibit eosinophilia in
the same allergic asthma model as mentioned for α-GOS above. In addition, raffinose
was shown to inhibit parameters of allergic inflammation (89, 91). Dietary raffinose
increased IL-12 secretion in isolated PP cells of Balb/c mice. When used as APC, PP cells
induced higher IFN-γ in OVA-transgenic T cells when these were derived from
raffinose-fed animals than from controls. Additionally, CD4+ T cells from mesenteric
lymph nodes (MLN) from OVA-transgenic mice secreted less IL-4 when fed raffinose,
which also decreased IgE levels in serum (92). Overall, raffinose appears to suppress
Th2-related responses and stimulate Th1-related cytokine production.

2.3.3. Galactooligosaccharides: Summarizing Remarks
GOS has not been studied widely with respect to immune-modulating effects as a
single dietary agent. Although anti-allergic and anti-inflammatory effects were
described for α-GOS and raffinose, more work is needed to study immune-modulating
effects of GOS and compare these with immune-modulating effects of other
oligosaccharides and NDCs. β-GOS has been studied more extensively in combination
with lcFOS, which is described in section 2.4.

2.4. Combinations of Galactooligosaccharides and Other Oligosaccharides
Combinations of β-GOS and other oligosaccharides have been used in research related
to infant nutrition. A concept was devised (Immunofortis, previously referred to in
literature as GOS/FOS) that aimed to mimic functional and general chemical properties
of the neutral fraction of HMOS. It features a specific mixture of short-chain β-GOS and
long-chain FOS in a 9:1 ratio (scGOS/lcFOS) (93), resembling the distribution of
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oligosaccharide chain lengths in human milk (see Figure 2b) (11, 12). This concept was
recently extended by the addition of specific pectin-derived, partially unsaturated
acidic oligosaccharides to mimic the acidic fraction of HMOS as described (94).

2.4.1. Animal Studies
In animal studies performed by the authors, the combination of scGOS/lcFOS was
tested in an influenza vaccination model in C57BL/6 mice. A sub-optimal dose of
trivalent influenza vaccine was used and emulsified with an oil-based adjuvant in
order to have a sensitive model system to detect immune modulation. The animals
were prefed with NDCs in their diets for 2 weeks before the first of 2 vaccinations.
Low-dietary concentrations (1%–2.5% w/w net oligosaccharides in the diets) enhanced
systemic Th1-dependent, delayed-type hypersensitivity (DTH) responses after
vaccination in several independent experiments and increased the proportions of fecal
and colonic bifidobacteria and lactobacilli. No effects were observed on antigen-specific
IgG antibody titers. Supplementation with similar doses of 3 different fructan
preparations did not result in enhanced DTH responses. However, one of these
increased the proportions of bifidobacteria and lactobacilli similar to the scGOS/lcFOS
mixture. This suggests that a prebiotic effect alone is not sufficient for the immuneenhancing effect in this model (chapter 3).
The extended oligosaccharide concept was tested in the same vaccination model. The
effects of the total combination of scGOS/lcFOS and the specific pectin-derived
oligosaccharides on the DTH response were more pronounced than the separate
components at comparable total dosages, indicating a form of synergy. The total
combination induced prebiotic effects in fecal and gut samples as well. In contrast,
supplementation with the acidic oligosaccharides alone enhanced the DTH response,
without detectable changes in the relative amounts of bifidobacteria and lactobacilli in
feces (chapter 4). Therefore, it is possible that the DTH-enhancing effect was (partially)
microbiota-independent, similar to the effects of α-GOS described above (89). Research
into the mechanism of DTH and related contact hypersensitivity responses has shown
that complement factor C5a is involved in the initiation phase of these responses (95,
96). It could thus be speculated that effects on the complement system may have been
involved in the observed enhanced DTH responses. However, the complementactivating effect that was described for γ-inulin and other glycans (see Section 2.2.4.)
depends on a particulate, insoluble form. Because the tested NDCs were mainly
soluble, it is not evident that this mechanism played a role in the observed effects.
In subsequent experiments the timing of NDC supplementation was varied. It was
found that supplementation for 2 weeks prior to vaccination until 1 week afterwards
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resulted in a stimulation of the DTH response at the end of the experiment, similar to
continuous supplementation. In contrast, when supplementation started at the day of
the first vaccination until the end of the experiment (30 days in total), the DTH
response was not significantly increased. This suggests that the modulation of the
immune response occurred during the priming phase of the immune response. In
addition, weak, but significant, correlations were found in control and supplemented
groups between prebiotic and immunological parameters measured in individual mice
(chapter 5).
Overall, these experiments are not conclusive with respect to the mechanism
underlying the enhanced vaccine-specific DTH responses. Although microbiotaindependent effects can be speculated about, unmeasured or undetected effects on the
microbiota could have played a role in all experiments. However, the experiments do
suggest that more, or other, parameters than the proportions of bifidobacteria and
lactobacilli play a role. More research is warranted in the area of prebiotic NDCs and
immune modulation to further explore these issues.

2.4.2. Clinical Studies
Recently, the scGOS/lcFOS mixture was shown to reduce the incidence of atopic
dermatitis in a population of infants at risk in a large double-blind, placebo-controlled
trial. The mixture was administered in an infant formula; feeding started before 2
weeks of age in infants that did not receive any breast milk after 6 weeks of age. After 6
months, the cumulative incidence of atopic dermatitis was significantly improved (97).
These results are in agreement with a recent report, in which it is suggested that the
development of allergies is related to colonization with bifidobacteria and other
microbiota (98).
In another clinical study, scGOS/lcFOS-supplemented formula increased fecal total
sIgA compared with control formula. The sIgA excretion was measured every 4 weeks.
A steady trend of increased sIgA concentrations was observed at all time-points and it
was significant at 16 weeks of age. As expected, fecal sIgA levels in breast-fed subjects
were much higher, especially very early in life due to the maternal antibodies in breast
milk (99). In a small double-blind, placebo-controlled study, a ‚fermented infant
formula‛ was used that was described to contain bifidogenic factors but not active
bacteria. Dietary supplementation enhanced anti-polio fecal IgA responses after
repeated vaccinations, and this effect was significantly correlated to an increase of
specific bifidobacteria, relative to all cultivable flora (100, 101). The conclusions that can
be drawn from this study are limited because of the small study population, as well as
the lack of detail in the specification of the intervention. However, the results point in
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the same direction as the data from the previously mentioned paper (99), suggesting
increased mucosal sIgA production after intervention with a bifidogenic factor.

2.4.3. Combinations of Galactooligosaccharides and Fructooligosaccharides:
Summarizing Remarks
Multiple reports in literature have shown that the incidence of atopy-related disorders
is lower in breast-fed infants than in those that are formula fed (35-37). It is remarkable
that the addition of the scGOS/lcFOS mixture of oligosaccharides (Immunofortis) to
infant formula has similar results in infants at risk for atopy (97). Atopy and allergy are
related to Th2-immune responses, which are thought to inhibit Th1 responses and vice
versa. Therefore, the Th1-stimulating effects found in animal studies fit well with the
results of the clinical trial. More clinical trials are being planned and performed
currently to further investigate the immune-modulating effects of these
oligosaccharides on parameters that are relevant for allergies and infectious diseases.
The immune-modulating effects of scGOS/lcFOS in the clinical and animal studies are
correlated with increases in bifidobacteria, similar to the effects of breast milk.
Therefore, it is plausible that changes in the microbiota are causatively related to effects
on the immune system. However, data from the animal studies suggest that other
microbiota-related parameters or microbiota-independent effects might play a role as
well. In addition, the results of the vaccination experiments indicate that various types
of oligosaccharides have differential effects on the microbiota and the immune system.

2.5. β-Glucans
β-Glucans are polymeric glucose molecules linked together with β-glycosidic linkages.
β-Glucans are present in many food sources, including various grains, edible
mushrooms, and yeasts. Although yeast and fungi-derived β-glucans are branched or
linear β-(1,3)-glucans or β-(1,6)-glucans (102-104), cereal β-glucans are mostly mixedlinkage linear β-(1,3)(1,4)-glucans (see Figure 5 for an illustration of the basic molecular
structures) (105). The effects of β-glucans on lipid and carbohydrate metabolism have
been studied widely in relation to cholesterol levels, diabetes, and weight management
issues (106).
β-Glucans have been described as biological response modifiers as well: agents that
modify the host’s biological response by modulation of the immune system. Immunemodulating effects have been described in more than 1000 publications (107), dealing
mostly with systemically applied β-glucans. Not all available data are reviewed here;
the focus is on effects of oral and in vitro application of β-glucans from edible sources
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Figure 5. Examples of the chemical structure of β-glucans. Β-glucans from grains such as oats or barley are
mostly unbranched polysaccharides with semi-random alternating β-(1,3) and (1,4)-linkages (a). β-glucans from
yeast and fungi are polysaccharides with a regular sugar backbone and a higher degree of branching. An
example is shown with a β-(1,3) backbone and a β-(1,6) branch point (b).

and on the role of β-glucan receptors.
The immune-modulatory effects of orally applied β-glucans have been reported in a
wide variety of organisms such as shrimp (108, 109), fish (110, 111), poultry (112), pigs
(113, 114), mice (115-118), and humans (119, 120). As these organisms belong to several
unrelated biological taxa, these data might suggest the involvement of an evolutionary
conserved pathway or mechanism leading to the observed immune modulation.

2.5.1. In Vitro Experiments
2.5.1.1. Modulation of Macrophage Functions and Immunological Responses
β-Glucans from various sources have been shown to modulate immune function in
vitro. β-Glucan from Saccharomyces serevisiae, Baker’s yeast, was reported to modulate
inflammatory responses in human peripheral blood mononuclear cells (PBMC), or
whole blood. An insoluble form of yeast β-glucan was shown to stimulate IL-1 receptor
antagonist production in human PBMC and whole blood, which could be inhibited by
soluble β-glucan (121). Additionally, insoluble yeast β-glucan increased expression of
costimulatory molecules on murine macrophages (122).
It was shown recently that a soluble form of yeast β-glucan could increase IL-1 receptor
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antagonist production in parallel to increased IL-8 production. Interestingly, activation
of NF-κB and other transcription factors was shown, which did not lead to production
of high levels of IL-1β, IL-6, TNF-α, or IFN-γ. LPS-induced TNF-α production was not
affected either (123). In contrast, others reported that soluble β-glucan potentiated LPSinduced TNF-α and IL-6 production, whereas β-glucan by itself stimulated IL-8
production and low levels of IL-6 and IL-10 in human whole blood (124). In murine
macrophage-like RAW264.7 cells, phagocytosis and TNF-α production were stimulated
after in vitro incubation with soluble yeast β-glucan (125). Similar results were shown in
murine peritoneal macrophages (126). In addition, it was shown that yeast β-glucans
enhanced the production of inflammatory cytokines in IFN-γ-primed murine
macrophages (126, 127).
Similar to yeast-derived β-glucan, β-glucans from edible mushrooms(128) and oats(129)
have been reported to stimulate inflammatory cytokine production in murine
macrophages or macrophage-like cells. In addition, production of T-cell-derived
cytokines IL-2, IL-4, and IFN-γ was stimulated in murine splenocytes (129). It was
demonstrated that insoluble, but not soluble, barley β-glucan stimulated the alternative
complement pathway (82). These data resemble the effects of inulin on complement
activation; insoluble γ-inulin, but not soluble inulin, was shown to activate
complement (81).
Overall, soluble and insoluble β-glucans from various sources have been shown to
induce immune-modulatory effects in vitro, resulting generally in activation of
macrophages and inflammatory responses. Different effects have been reported for
soluble and insoluble forms of β-glucans, but also for different preparations with the
same characteristics, making it impossible to form detailed hypotheses about structurefunction relationships on the basis of these data. Moreover, the β-glucan preparations
were not always stringently tested for endotoxin contamination, devaluating the
scientific value of the studies (125, 128).

2.5.1.2. The Role of β-Glucan Receptors
It has been suggested for many years that β-glucans induce immune-modulatory
effects via specific receptors. Nowadays, multiple receptors have been described to
bind β-glucans. IFN-γ pretreatment of murine alveolar macrophages enhanced
expression of β-glucan receptors, which was shown functionally by binding of a
fluorescently labeled β-glucan to the cells. This priming effect by IFN-γ was necessary
for the activation of macrophages by the soluble β-glucans in these experiments,
resulting in the production of inflammatory mediators (127). Inulin was found to
induce similar effects on IFN-γ treated macrophage-like RAW264.7 cells (44). This
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similarity is surprising because β-glucans and inulin differ in structure and are not
known to share a common receptor.
Studies employing the human monocytic cell line U937 and its adherence to a glucan
surface showed that a heptasaccharide was the smallest functional ligand for the βglucan receptor on U937 cells. However, this heptasaccharide did not induce NF-κB
activation or increase survival in a sepsis animal model, in contrast to high molecular
weight β-glucan. These data suggest that a heptasaccharide is the smallest binding unit
for the β-glucan receptor on these cells, but receptor activation occurs with large βglucan molecules only, possibly indicating that receptor cross-linking is essential for
activation. Unfortunately, the receptor was not characterized in this study (130).
The complement receptor CR3 has been implicated in β-glucan-mediated immunemodulating effects. A β-glucan-supplemented matrix enhanced polymorphonuclear
leukocyte (PMN) motility in a CR3-dependent manner (131). Using human NK cells, βglucan was shown to enhance NK activity in vitro in a CR3-dependent manner;
blocking CR3 with a monoclonal antibody abrogated the observed effect (132, 133).
Recently, Dectin-1 has been identified as a major β-glucan receptor on macrophages
(134). Human Dectin-1 is a C-type lectin that is expressed on many cells of the immune
system including monocytes, macrophages, DCs, and granulocytes, as well as B cells
and a subset of T cells (135). Dectin-1 can play an important role in cytokine production
by DCs and has recently been shown to signal via 2 independent pathways in murine
DCs. A Syk kinase-dependent Dectin-1 pathway was necessary for zymosan-induced
IL-2 and IL-10 production, but a Dectin-1 and TLR2-dependent pathway could induce
IL-12 production in Syk kinase knockout mice (136). In the current literature, many
reports deal with β-glucan-induced modulation of macrophage functions. A few
publications are available today on the effects of β-glucans on DCs (137, 138). As DCs
play a central role in immunity—and it has been shown that DCs express Dectin-1 and
many other pattern recognition receptors (PRR)—more research is needed to
investigate the effects of β-glucans on DC function and maturation.

2.5.2. Animal Models
As mentioned, most immunological studies with β-glucans deal with systemic
application of the agents. However, immune-modulatory effects of β-glucans have also
been described after oral application. Yeast β-glucan was described to modulate several
immune functions in pigs. Lung pathology in swine influenza virus-infected pigs was
less severe in supplemented animals compared with controls, and viral replication in
the lungs was reduced (114). In OVA-vaccinated pigs, oral yeast β-glucan enhanced
antigen-specific humoral responses at one time-point, but not consistently during the
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experiment. In addition, LPS responses were measured in vitro and in vivo. In both
cases, inflammatory cytokines were inhibited in the β-glucan supplemented group,
whereas IL-10 production was increased (113). In mice, yeast β-glucan supplementation
changed the intraepithelial T-cell populations in the gut. After 1 week of oral
administration, the absolute number of αβ and γδ CD8+ T cells was increased. In liver
lymphocytes, the orally applied β-glucans skewed spontaneous T-cell-derived cytokine
production toward the Th1 type (117).
Intra-gastric oat β-glucan was reported to decrease fecal oocyst shedding in a murine
Eimeria vermiformis infection model. Anti-parasitic humoral responses in serum and
intestinal IgA responses were significantly increased as well, compared with controls
(118, 139). Oral application of oat-derived β-glucan was shown to enhance viral
resistance in peritoneal macrophages, both in normal and exercise stress-exposed mice
(115).
Edible mushroom-derived β-glucan, lentinan, was reported to increase the number of
peripheral T-helper cells in rats; however, the effect was only transient (140). In mice
inoculated with human colon carcinoma cell lines, lentinan prefeeding for 1 week
inhibited tumor growth (141). Oral barley β-glucans were shown to enhance anti-tumor
effects of complement-activating monoclonal antibodies in systemic xenografted
tumors in mice. The anti-tumor effect of intravenously injected CR3-specific antibodies
was enhanced by dietary β-glucans, irrespective of the transplanted tumor type. Mixed
(1,3)(1,4)-linked β-glucans from barley were more efficient than fungal (1,3)(1,6)-linked
β-glucans (142, 143).

2.5.3. Clinical Studies
In a small placebo-controlled clinical study, 12 weeks of oral β-glucan supplementation
resulted in modulation of cytokine levels in nasal lavage fluid after a provocation test
in allergic subjects. In the supplementation group, Th2-related cytokines and the
number of eosinophils in the lavage fluid decreased during the treatment period,
whereas IL-12 production increased. In contrast, no significant changes were observed
in the control group (120). In an early phase clinical trial with yeast β-glucan, no
adverse effects were noted in subjects receiving oral supplementation of up to 400
mg/day, and no systemic uptake of β-glucans was measured in serum, but IgA was
increased in saliva (119).

2.5.4. β-Glucans: Summarizing Remarks
β-Glucans are a diverse group of NDCs that induce a wide variety of immunological
effects. In vitro experiments clearly show that β-glucans have direct, receptor-mediated
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effects on various cells of the immune system, most notably on macrophages. However,
the effects are not all consistent; for example, macrophages have been described to
produce anti-inflammatory IL-1 receptor antagonist production after β-glucan exposure
(121, 123), as well as inflammatory cytokines such as TNF-α and IL-6 (124-126). In pigs,
the production of the regulatory cytokine IL-10 was enhanced whereas inflammatory
cytokines were decreased (113). It is not clear from the literature whether these
differences are due to differences among different β-glucan preparations or to variation
among experimental models and laboratories.
Immune-stimulating effects have been described, including increased resistance to
various infections and anti-tumor effects. Animal models have shown systemic
immune-modulatory effects, even though β-glucans are not expected to cross the
intestinal barrier because of their molecular size, unless specific uptake takes place.
Indeed, β-glucans were not detected in serum of supplemented individuals in a clinical
study (119). However, several animal studies have shown systemic effects, including
interaction of β-glucans with systemically applied antibodies and effects on viral
parameters in the lungs (114, 142, 143). Although multiple receptors for β-glucans have
been identified on various immune cells, it is currently unknown how orally applied βglucans modulate systemic immune parameters. The potential role of β-glucan
fermentation, including the effects on the microbiota and their metabolites (see section
3.1.2.), is not currently addressed in the literature with regard to immune-modulatory
effects.

2.6. Pectin
Pectins are components of plant cell walls that are abundant in various fruits and
consist mainly of long, linear (1,4)-linked polymers of D-galacturonic acid, as illustrated
in Figure 6. Additionally, cell-wall pectins consist of complex branched regions of
highly variable composition and order of monosaccharide units. Pectins are capable of
forming gels and holding water and are fermented up to 90% in the colon (144). Pectin
molecules are cleaved into smaller fragments during in vivo fermentation and food
processing, as well as by enzymatic hydrolysis and pH modification to create acidic
pectin-derived oligosaccharides with beneficial properties (145, 146).
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Figure 6. The basic chemical structure of pectins. Pectins are heterogeneous molecules consisting of
“smooth” linear and “hairy” branched regions that are highly variable (not depicted). The linear regions consist
of α-(1,4)-linked galacturonic acid residues that may be methylated or acetylated to various degrees. Pectins
show various degrees of branching and may contain various other carbohydrate residues.

2.6.1. In Vitro Experiments
A few studies have been published regarding immunological effects in vitro induced by
pectins or pectic substances. It was reported that a pectic substance from a Brazilian
fruit tree activated murine peritoneal macrophages. However, this effect was measured
only morphologically; no cytokines or other mediators were measured (147). Pectic
polysaccharides from almond cell-wall material activated B cells and, to a lesser extent,
T cells, as measured by flow cytometric analysis of the activation markers CD25 and
CD69 after 3 days in vitro incubation. Macrophage cytokine production was not
affected (148). Citrus pectins with varying degrees of esterification inhibited LPSinduced activation of murine macrophage-like RAW264.7 cells. The inhibition was
positively correlated to the degree of esterification. In addition, it was shown that the
most effective pectin was able to bind directly to LPS. Therefore, the observed effects
could have been related to the inactivation of LPS by pectin, instead of antiinflammatory effects on the macrophage-like cells (149).
Pectin-derived acidic oligosaccharides from carrots were described to inhibit pathogen
adherence to uro-epithelial cells and the human intestinal mucosa in vitro (150, 151).
Pectin and pectic oligosaccharides were shown to neutralize the activity of Shiga-like
toxins from Escherichia coli, thereby increasing cell survival in a culture of human
colonic cells. Short pectic oligosaccharides were found to be more effective than longer
molecules in these experiments (150, 152). These results suggest that pectic
oligosaccharides may passively protect the host in vivo by inhibiting pathogen
adherence and toxin activity.
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2.6.2. Animal Studies
Asian pear pectin and an unspecified commercial pectin preparation were studied in an
OVA-specific allergy model in Balb/c mice. The animals received oral doses of pectin or
saline daily for 1 week before sensitization. After sensitization and subsequent OVAprovocation, both pectin treatments decreased airway smooth-muscle sensitivity and
microscopically scored lung tissue damage. Different effects of pectin treatment were
observed on IFN-γ and IL-5 levels in bronchoalveolar lavage and phorbol myristate
acetate/ionomycin stimulated splenocytes: a reduction in IFN-γ and stimulation of IL-5
was found in the lavage fluid, whereas the opposite effects were observed in
supernatants from stimulated splenocytes. Unfortunately, not all data were shown and
the quality of data analysis was unclear in this publication (153).
As a replacement for the standard source of dietary fiber, an unspecified pectin
preparation induced effects on MLN cell antibody production and CD4 +/CD8+ ratios of
T cells. In pooled MLN cultures, spontaneous and Concanavalin A (ConA)-induced
IgA production appeared to be stimulated and IgE production reduced. In serum, total
titers of IgG and IgA were significantly increased, whereas IgE was significantly
decreased. In spleens, the CD4+/CD8+ T-cell ratio was significantly increased (154). In a
similar experiment using a dextran sodium sulfate (DSS)-induced colitis model, fecal
IgA secretion was stimulated highly in pectin-treated mice. Additionally, MLN-derived
ConA-stimulated lymphocytes produced significantly more Th1 cytokines, but less
TNF-α in DSS-treated mice. Th2 cytokines were decreased in DSS-treated mice but
unaffected in DSS-untreated mice (155).
A number of animal studies have been carried out with modified citrus pectin (pHmodified citrus pectin to produce shorter pectin fragments) in the field of oncology.
Binding to galectin-3 was suggested. Galectin-3 is a lectin molecule that plays a role in
cell adhesion and the formation of metastases. Application of modified citrus pectin in
the drinking water inhibited metastasis formation and tumor growth in several
systemic rat tumor models; it was suggested that binding to galectin-3 played a role in
the observed effects (156-158). A small-scale, nonrandomized clinical study in prostate
cancer patients yielded results similar to the animal studies, suggesting a reduction in
tumor growth (159). It is unclear from these studies whether modulation of immune
responses played a role in the observed effects; however, the results do suggest that
modified citrus pectin is able to induce systemic effects.
Specific pectin-derived, partially unsaturated acidic oligosaccharides induced immunemodulatory effects in our own experiments; we used the murine vaccination model
that was described earlier (see section 2.4.1.). Supplementation of 1% to 5% (w/w) in the
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diet dose dependently enhanced vaccine-specific DTH responses, a Th1-related
parameter. In ex vivo splenocyte cultures stimulated with the vaccine antigens, Th2related cytokine production (IL-4, IL-5, and IL-10) was reduced in a dose-dependent
fashion, whereas production of IL-2 and IFN-γ remained constant. These data suggest a
shift toward Th1-related immunity in a systemic vaccination response. In a follow-up
experiment, it was found that supplementation of 2% did not affect the proportion of
bifidobacteria and lactobacilli in fecal samples, whereas the DTH-response was
enhanced significantly (chapter 4, 160). These results suggest that prebiotic effects are
not necessary for modulation of systemic immune responses by dietary application of
these specific NDCs. However, other, or low-level effects on the microbiota cannot be
excluded.
Immune-modulatory effects of orally applied pectic substances from herbal or other
non-food plants have been shown in the literature as well; for example, increased
antibody responses and B-cell proliferation (161, 162), complement fixing, mitogen and
chemoattractant activity (163, 164), oral adjuvant activity (165), increased DTH
responses (166), increased phagocytosis, and oxygen radical production(166) were
described.

2.6.3. Pectins: Summarizing Remarks
The available data on the immune-modulating effects of orally applied pectins are
limited mostly to animal experiments. Pectins are highly variable polysaccharides and
it was shown that different degrees of methylation and different chain lengths induce
different biological effects.
Several publications have reported results of pectin or pectin-derivates that indicate
Th2Th1-skewing effects. The working mechanism underlying these immunemodulating responses was not clarified, and the effects need to be confirmed in the
human situation. A galectin-3-dependent mechanism was suggested to play a role in
the observed anti-tumor effects of modified citrus pectin. It remains to be established
whether modulation of immune responses occurs as well.

2.7. Resistant Starch
Starch that is not digested in the small intestine and enters the hindgut is defined as
resistant starch (RS). Three main types of resistant starch have been identified: RS 1 is
physically inaccessible starch that is present in partly milled grains and seeds; RS2 is
starch in the form of resistant granules and can be found in raw potato and green
bananas; RS3 is retrograded starch that is formed after cooking or baking and is found
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in cooked and cooled potatoes, bread, and cornflakes (167).
The relationship between RS and immune modulation is not documented elaborately in
literature. However, some reports have shown the effects of dietary RS in rat models
for colitis. RS3 alleviated symptoms in DSS-induced colitis, based mainly on
macroscopic and histological parameters, whereas eeFOS did not show significant
effects in the same experiment. As both agents stimulated SCFA and butyrate
production, it is unclear what caused the different results. Differences in the
localization of SCFA production might have played a role: RS induced more butyrate in
the cecum and eeFOS induced more butyrate in the distal colon (168). In the same
experimental model, it was shown that butyrate uptake by colonic cells was decreased
in animals suffering from colitis. RS feeding stimulated butyrate production and at a
later time-point also increased its uptake in DSS-treated animals (169). Similar results
on SCFA uptake were observed in a TNBS-induced colitis model, showing reduced
uptake after colitis uptake without RS supplementation, whereas RS counteracted this
effect in the proximal and distal colon (170).
Overall, RS has been shown to reduce intestinal inflammatory parameters that appear
to be mediated via microbiota-dependent mechanisms involving SCFAs. At present,
there are no data available on systemic immune-modulating effects.

2.8. Other Non-digestible Carbohydrates
2.8.1. Other Oligosaccharides
Nigerooligosaccharides (short, enzymatically produced (1,3)-linked oligosaccharides
consisting of glucose-derived monomers) have been shown to induce immunemodulating effects in various murine models. Increased proliferative capacity was
observed after in vitro incubation of lymphocytes with nigerooligosaccharides, as well
as increased L. plantarum induced IL-12 production, indicating direct, microbiotaindependent immune-modulatory properties (171). In vitro incubation of murine
hepatic mononuclear cells increased NK activity in several mice strains. Application of
1% nigerooligosaccharides in the drinking water induced similar NK-stimulating
results in vivo and improved survival of mice with systemically inoculated tumor cells
(172). One article reports effects of nigerooligosaccharides in healthy human
volunteers: mitogen responses were enhanced, whereas activation-induced apoptosis
was inhibited in PBMC (173).
Isomaltooligosaccharides (short, enzymatically produced (1,6)-linked oligosaccharides
consisting of glucose-derived monomers) have shown to induce immune-modulatory
effects in mice at a high dietary supplementation dose (200g/kg) for 4 weeks. The

42

Introductory review

concentration of sIgA in feces was increased, as well as IFN-γ production by
intraepithelial lymphocytes and liver mononuclear cells. Higher percentages of NKcells were found in the spleen and the liver, and supplementation protected the mice
from irradiation-induced lethality (174).

2.8.2. Other Polysaccharides
Arabinogalactan from the larch tree is a large branched polysaccharide with a (3,6)linked galactose backbone. It has a food-grade status and is used as a food additive for
emulsification, thickening, and so forth. Arabinogalactan structures are also found in
many edible and inedible plants, often as a glycoprotein (175). NK activity of different
human leukocyte subsets was increased by in vitro incubation with arabinogalactan. In
addition, production of IFN-γ, IL-1β, IL-6, and TNF-α was induced in human PBMC in
vitro. Preincubation with blocking antibodies to IFN-γ and IL-2 inhibited the
arabinogalactan-induced NK-boost, suggesting a role for these cytokines (176).
Partially hydrolyzed guar gum alleviated DSS-induced colitis in mice as shown by
clinical symptoms, histological analysis, and the fact that mucosal TNF-α production
and mRNA expression were partially inhibited (177). In another study, dietary
application of guar gum increased MLN IgA, IgG, and IgM production in aged
Sprague-Dawley rats (178).

3. Mechanism-related observations
3.1. Prebiotic Effects
3.1.1. Prebiotic Effects of Oligosaccharides
As mentioned before, HMOS are regarded as the first prebiotic agent that newborns
encounter in life that cause the bifidogenic effect of breast milk (6, 14). In vitro studies
using human and porcine pancreatic enzymes and brush border membranes support
the view that HMOS resist hydrolysis in the upper-gastrointestinal tract. Although a
small proportion may be absorbed, the majority is thought to reach the large intestine
to be fermented by the microbiota (179). HMOS have been shown to be selectively
fermented in vitro, supporting the idea that HMOS enhance bacterial growth selectively
in vivo (180).
The effects of fructans on the microbiota are well established and have already been
demonstrated in human studies in the 1980s (43). Almost 90% of dietary fructans reach
the ileocecal junction, although fecal recovery of these substances is negligible,
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indicating that fermentation mainly takes place in the cecum and colon (181). The
induced changes in microbiota are transient; the effects are reversed within a short
period after cessation of intake (182). A dose-response relationship between dietary
eeFOS and fecal bifidobacteria was observed in a large study (183). Besides effects on
the microbiota that are often measured in feces or gut content, a combination of
scFOS/lcFOS was shown to increase the amount of bifidobacteria in the layer of
microbiota that is associated to the mucosa, a layer of bacteria that is expected to play
an important role in host modulation. To a lesser extent, increases in the numbers of
lactobacilli and eubacteria were found in the mucosa-associated microbiota (184).
The effects of fructans on the microbiota have been studied in infants as well. Low-dose
scFOS supplementation resulted in a significant increase in the number of fecal
bifidobacteria, as well as in the percentage of colonized subjects compared with placebo
(185). In a study featuring a crossover design and short-term supplementations, scFOS
supplementation was shown to increase the numbers of bifidobacteria, parallel to an
increase in other bacteria including clostridia (186). Adding scFOS to an infant formula
failed to show a significant effect on the total number of bifidobacteria compared with
control formula. However, the proportion of bifidobacteria expressed as the percentage
of bacteria that were detected by fluorescent in situ hybridization was increased
significantly (187). In young children treated with antibiotics, prebiotic treatment with
a combination of scFOS/inulin normalized the number of bifidobacteria and lactobacilli
(188).
It was concluded in a recent review that different types of fructans induced similar
prebiotic effects in humans (189). However, differences in fermentation of scFOS and
lcFOS by different strains of bifidobacteria have been reported: all strains of
bifidobacteria fermented scFOS, but only a few fermented lcFOS. The different
fermentation modes of scFOS and lcFOS resulted in different SCFA profiles in human
fecal cultures, with lcFOS resulting mostly in butyrate and scFOS mostly in acetate and
lactate production (190). Prebiotic effects and modulation of SCFA profiles or amounts
by fructans have been described in many experimental animal models, including mice,
rats, and pigs (191, 192).
The prebiotic effects of GOS have not been studied as much as fructans and the results
vary among different studies. In healthy volunteers with low initial bifido counts, βGOS specifically enhanced bifidobacteria counts in fecal samples (193). β-GOS
disaccharides yielded similar results: increasing fecal numbers of lactobacilli and
bifidobacteria and decreasing Bacteroidaceae and Candida spp (194). In a non–placebocontrolled study using 10g/d β-GOS in 8 healthy volunteers, a significant increase in
fecal bifidobacteria, but not enterobacteria, was measured (195). In contrast,
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supplementation of β-GOS in a high-protein diet in healthy volunteers did not result in
enhanced fecal numbers of bifidobacteria. However, β-GOS was not found in fecal
samples, indicating that β-GOS was fermented in the intestine; the authors suggested
that this happens in the upper colon. An unexplained result in this study was a
significant increase in the number of bifidobacteria in all groups including the placebo
group (196).
In rats associated with human fecal microbiota, β-GOS increased the amount of
bifidobacteria, and lactobacilli, as well as total anaerobic bacteria, whereas the number
of enterobacteria was decreased, indicating some extent of specificity (197). In a similar
experiment, 5% and 10% β-GOS in the diet resulted in increased cecal SCFA
production; acetate and propionate, but not butyrate, were increased significantly (198).
In pigs, different effects of dietary β-GOS supplementation have been observed.
Supplementation with β-GOS or scFOS did not affect the number of bifidobacteria or
lactobacilli, but trends in SCFA production and glycolytic activities suggested that
saccharolytic activity was stimulated in the porcine colon (191). Another report showed
that β-GOS increased colonic numbers of bifidobacteria and SCFA concentrations,
mainly caused by increases in acetic acid and consistent with bifidobacterial
fermentation (199).
In the same study, β-GOS inhibited the attachment of intestinal pathogens in vitro,
presumably by acting as adhesion receptor decoys (199). Others showed that β-GOS, as
well as a soy oligosaccharide product containing raffinose and stachyose, increased the
amounts of bifidobacteria, lactobacilli, and the production of SCFAs in vitro using pig
fecal inocula (200). α-GOS have been shown in vitro to have a more efficient bifidogenic
and lactogenic effect than scFOS and other commercial prebiotics in canine fecal biota
cultures (201).
The prebiotic effect of the combination of scGOS/lcFOS (Immunofortis) was tested in
infants in multiple placebo-controlled clinical trials. A bifidogenic effect was
consistently shown, as well as softer, slightly more frequent stools, and lower fecal pH
in infants (202-205).
In an additional trial, scGOS/lcFOS-supplemented and control formulas were
compared with breast feeding with respect to the numbers of fecal bifidobacterial and
bacterial metabolites. In subjects fed with the prebiotic mixture, fecal acetate
concentrations were higher, whereas propionate and pH were lower than in controls.
Overall, the proportion of bifidobacteria and the metabolic profile in scGOS/lcFOS-fed
subjects were more similar to breast-fed subjects than controls (206). In older, formulafed infants that had not received prebiotic treatment before, solid weaning foods
containing scGOS/lcFOS enhanced fecal bifidobacterial proportions compared with a
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maltodextrin-containing control diet after weaning (207).
New prebiotic agents are being actively investigated, including enzymatically
produced oligosaccharides (200, 208-213), oligosaccharides from natural sources (214),
partially hydrolyzed gums (182), fermentations (215), and arabinooligosaccharides
(216). It will be interesting to test whether these novel prebiotic agents have immunemodulatory effects.
In conclusion, prebiotic effects of fructans in humans and in animal models have been
consistently shown, including stimulation of bifidobacteria and lactobacilli, as well as
modulation of bacterial metabolites. This does not mean that all fructans induce the
same results; differences in the profiles of produced SCFAs were reported (190).
Applied in infant formula, fructan supplementation appears to stimulate bifidobacteria
and possibly other bacteria as well. The 9:1 mixture of scGOS/lcFOS has consistently
shown bifidogenic effects in infants in multiple clinical trials, whereas experiments
with GOS alone showed inconsistent prebiotic and SCFA-modulating effects. Overall,
the effects on the intestinal microbiota and their metabolites appear to be different for
the various kinds of non-digestible oligosaccharides.
In most studies dealing with immune-modulatory effects of NDCs, effects on the
microbiota were not analyzed. Given that modulatory effects on the microbiota have
been described in separate experiments, as shown in this section, it is possible that
these effects have been causative in the immune-modulating effects that were described
in section 2. Issues regarding interaction of microbiota or their metabolites with the
host immune system are described in more detail in section 3.2.

3.1.2. Prebiotic Effects of Polysaccharides
Immune-modulating effects of β-glucans are mostly attributed to direct, receptormediated effects on the immune system, probably due to the fact that multiple β-glucan
receptors have been described. However, barley-derived β-glucan showed clear
prebiotic properties in rats, as it increased the proportion of lactobacilli (217). In
addition, other authors have described that β-glucans reach the cecum and colon where
they are rapidly fermented (218-220).
Dietary pectin has been shown to modulate the intestinal microbiota. As recently as the
1980s, it was shown that total aerobic and anaerobic bacteria increased in the large
intestine after pectin supplementation (221, 222). SCFA levels in the cecum of pectin-fed
rats were increased, although in this study no effects were observed on cecal flora (223).
Pectic oligosaccharides showed prebiotic properties in human in vitro fecal
fermentations, showing increases in bifidobacteria as well as Eubacteria. Butyrate
production was stimulated as well (224). In rat experiments as well as in in vitro
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fermentation experiments with human fecal flora, it was shown that the degree of
esterification influenced SCFA production and speed of fermentation; low esterification
resulted in faster fermentation and higher SCFA production (218, 225).
Resistant starch is known to modify SCFA production, whereas varying effects on the
composition of the microbiota have been reported. Potato RS highly increased butyrate
production over a longer period of time, suggesting a slow adaptation process to a diet
high in indigestible fibers (226). RS3 from bananas was shown to be fermented by
human fecal flora in vitro resulting in high production of butyrate (227). RS
supplementation increased SCFA production in rats, in addition to increased fecal and
cecal counts of several bacterial groups including bifidobacteria and lactobacilli. This
effect was dependent on the type of RS that was applied (228). Similar effects, showing
specific microbiota effects of different RS-containing diets, were observed by other
investigators(229) (225), who found that butyrate production in rats was only efficiently
stimulated by well-fermentable, but not poorly fermentable, RS3. In rats associated with
human flora from donors from the United Kingdom or Italy, dietary RS enhanced
butyrate production and increased cecal bifidobacteria, lactobacilli, and enterobacteria
(230). Overall, RS have been shown to modulate SCFA production and to have
prebiotic effects, depending on the type of RS, and the dietary matrix it is supplied in.
Several other polysaccharides have been shown to affect the microbiota. In humans,
larch arabinogalactan was shown to increase fecal lactobacilli regardless of dose, as
well as a dose-dependent increase in total anaerobes (231). Guar gum was shown to
increase bacterial counts as well and stimulate butyrate production, but not propionate,
suggesting fermentative or even prebiotic properties (232, 233).
Overall, polysaccharides can clearly modify the microbiota and SCFA production in the
large intestine. Although these polysaccharides do not necessarily qualify as prebiotic
agents according to the definition of Gibson and Roberfroid (7), it is possible that these
microbiota-dependent effects play a role in the immune-modulating effects of orally
applied polysaccharides. Given that there are very little data on this subject, more
research is needed.

3.2. Immune-Modulatory Mechanisms Related to Prebiotic Effects
Many NDCs are fermented in the large intestine, leading to changes in the composition
of the microbiota, including stimulation of beneficial bacteria such as bifidobacteria and
lactobacilli. These and other groups of bacteria and yeasts have been used as probiotic
agents, leading also to changes in the microbiota (234). In addition, NDCs and probiotic
agents can both change the production of bacterial metabolites in the intestine.
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Therefore, an indirect mechanism of NDCs or probiotic-induced immune modulation
could involve the effects of bacterial metabolites on epithelial and immune cells.
To understand how NDCs potentially modulate the immune system indirectly via
‚beneficial‛ bacteria or their metabolites, a condensed review of the relevant literature
is included in this section. An overview of the mechanisms leading to microbiotadependent, NDC-induced immune modulation is shown in Figure 7.

3.2.1. Immune-Modulatory Effects of Probiotic or Commensal Bacteria
Bacteria obviously have to interact with the immune system in order to modulate it.
Janeway proposed in 1989 that pathogens carry pathogen-associated molecular
patterns, which are recognized by cells from the innate immune system by means of

Figure 7. Microbiota-dependent mechanisms of dietary non-digestible carbohydrates (NDC)-induced
immune modulation. The horizontal, open arrows represent the situation of a regular diet with a fixed
composition, resulting in a steady state regarding substrate fermentation and the composition of the
microbiota. The closed, black arrows indicate the effects of the addition of NDCs to the regular diet, leading to
immune-modulating effects due to alterations in the bacterial composition (described in section 3.2.1) or to
alterations in the profile of bacterial metabolites in the intestine (described in section 3.2.2).
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PRRs (235). TLR and C-type lectins are examples of PRRs that have been identified that
are studied widely today. A number of TLRs have been implicated in the interplay
between microbiota and the immune system: TLR4 recognizes LPS from Gram-negative
bacteria as well as other bacterial and host factors; TLR2 recognizes bacterial substances
such as lipoteichoic acid and peptidoglycan from Gram-positive bacteria; and TLR9
recognizes specific bacterial DNA sequences known as CpG-motifs (236). TLRs are
expressed by many cells including DCs, monocytes, macrophages, and mucosal
epithelial cells (237). Examples of TLR-mediated immune-modulating effects by
probiotics have been described. In epithelial cells, probiotic-induced IL-6 production
involved TLR2 and TLR4 activation (238). A DNA sequence from a probiotic bacterium
was shown to induce systemic immune modulation, skewing the allergic Th2 response
more toward a Th1 response. The effect was suggested to be mediated through TLR9
signaling (239). In an elegant study using knockout mice, probiotic DNA was used to
ameliorate DSS-induced colitis. The effect was shown to be TLR9-dependent (240).

3.2.1.1. In Vitro Effects of Interaction Between Immune Cells and Probiotic Bacteria
Probiotic bacteria have been shown to modulate the function of immune cells upon
direct interaction in vitro. Several studies have shown effects that suggest stimulation of
Th1-related responses and/or inhibition of Th2-related responses. Stimulation of IFN-γ,
IL-12, or IL-18 production by probiotics or commensals has been reported in human
PBMC and monocytes (241, 242), in human monocyte-derived DCs (243), and in murine
macrophages (244). LAB strains, but not E. coli, inhibited Th2-related cytokine
production in antigen-specific cultures of human PBMC; the effect was shown to be
dependent on the APC in the cultures (245). However, it was also reported that in vivo
treatment with probiotics induced the simultaneous stimulation of Th1- and Th2related cytokines ex vivo after sensitization to OVA (246). These data indicate that there
are differences between the induction of Th1- and Th2-related cytokines in various cells
by probiotics, indicating strain-specific or model-dependent differences in the immunemodulating effect.
Commensal and pathogenic bacteria induced different cytokine signals in cells from
mucosal and systemic compartments. Pathogens stimulated Th1-inducing cytokines in
both compartments, but commensal bacteria induced Th1-related responses only in
systemic immune cells. Commensals stimulated IL-10 production in MLN cells,
indicating that commensals induce regulatory signals in the mucosal compartment
(247). In other experiments using different Lactobacillus and Bifidobacterium strains,
certain strains induced strong IL-10 production in human PBMC (248). Selected
probiotic bacteria affected human moDCs to stimulate regulatory T-cell induction,
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stimulating IL-10 production. The IL-10-stimulating effect coincided with DC-SIGN
binding of the probiotics, and blocking of DC-SIGN inhibited it. Therefore, DC-SIGN is
suggested to play an important role in the induction of regulatory responses, possibly
playing an important role in the beneficial effects of (prebiotic-induced) probiotic
bacteria in IBD (249). Indeed, protective effects of probiotic lactobacilli were observed
in a murine colitis model; however, a non-probiotic lactobacillus strain exacerbated the
inflammation, showing strain specificity of the immune-modulating effects of
probiotics (250).

3.2.1.2. Mechanisms of Interaction In Vivo
Various mechanisms have been described that can facilitate bacterial modulation of the
immune system. Intestinal epithelial cells directly interact with bacteria in the gut and
express many PRRs (251). Although these cells are not of immunological origin, they
are able to produce inflammatory cytokines and other mediators in response to
pathogens (252, 253). Several studies have shown that probiotic bacteria do not induce
inflammatory responses in intestinal epithelial cells, but are able to inhibit
inflammatory responses of these cells to pathogens (254-256). Intestinal epithelial cells
may play a role as well, directing the Th1/Th2 balance through production of thymic
stromal lymphopoietin. This signaling molecule has been recognized to play a role in
the activation of DCs, leading to the attraction of Th2 cells and the polarization of naïve
CD4+ T cells into allergic inflammatory cells producing IL-4, -5, -13, and TNF-α, but not
IL-10 (257). Thymic stromal lymphopoietin was shown to be expressed constituently by
intestinal epithelial cells, leading to a non-inflammatory state in which mucosal DCs
direct T cells toward a non-inflammatory Th2 profile producing IL-4, -5, -13, and IL-10,
but not TNF-α (258). In airway epithelial cells, thymic stromal lymphopoietin
production was shown to be induced by several bacterial and viral substances (258),
suggesting that intestinal expression of the molecule might be a target for modulation
by probiotic bacteria.
DCs have been described to penetrate the mucosal barrier to sample bacteria from the
lumen. This mechanism was demonstrated in vitro, whereas in vivo experiments yielded
consistent results (259, 260). In mice, gut sampling of pathogenic and nonpathogenic
bacteria by DCs was shown recently to be dependent on the chemokine receptor
CX3CR1. This gut sampling mechanism was shown to aid in the resistance against
invading Salmonella typhimurium, underlining the relevance of the mechanism for
immunity in vivo (261, 262). In other studies, DCs from PPs and MLNs were shown to
have sampled commensal bacteria. Commensal-loaded DCs were shown to be
compartmentalized within the mucosal part of the immune system; they were present
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in PPs and MLNs, but were not found in systemic immunological organs like the
spleen. This mechanism allows controlled low-level penetration of living commensal
bacteria in mucosal immunological tissues and plays a role in protective mucosal IgA
responses (263, 264). Results found with a zwitterionic polysaccharide from the
ubiquitous commensal Bacteroides fragilis may demonstrate how this mechanism can
result in profound modulation of systemic immunity. This polysaccharide directed the
maturation of the immune system in germ-free mice, restoring systemic T-cell
deficiencies and correcting the Th1/Th2 imbalance in these animals. DCs were shown to
present the polysaccharide to T cells in vitro, resulting in signaling, cell activation, and
cytokine production. In vivo, the polysaccharide was detectable in MLNs but not in the
spleen, resembling the distribution of DCs that have sampled commensal bacteria. It
was hypothesized that migrating T cells relayed the immune-modulating effects from
the MLNs to other systemic immunological organs (265).
Microfold (M) cells, overlying PPs in the small intestine, have been known to take up
luminal antigens, as well as whole bacteria, in order to present these to the underlying
leukocytes. Recently, data were published that suggested that the M-cell bacterial
uptake mechanism is mediated by PRRs, including TLR2 and 4. The interplay between
PRRs and pathogen-associated molecular patterns is suggested to be decisive for the
uptake and subsequent immune response induction, depending on the pathogenicity of
the bacterium (266). Villous M cells have been identified that can develop
independently of PPs or follicle-associated epithelium. These M cells are also capable of
taking up bacteria from the gut, independent of PP tissue (267).
Although there are no specific data about this issue available at present, it can be
hypothesized that bacterial uptake mechanisms by DCs and M cells plays a role in
systemic and/or mucosal immune modulation by (prebiotic-induced) probiotic bacteria.

3.2.1.3. Animal Studies
Many immune-modulating effects of orally applied probiotics have been reported in
animal models, including local as well as systemic effects. Gut-confined protective
effects of oral probiotics against enteropathogens have been described for a long time
(268, 269). In addition, 4 strains of lactobacilli isolated from breast milk were recently
shown to have protective properties against oral Salmonella infections (270). However,
these protective effects are not necessarily mediated by modulatory effects on the host
immune system.
Systemic modulation of immune responses was shown in Listeria monocytogenesinfected rats. DTH responses against the pathogen and resistance to reinfection were
enhanced by supplementation with L. casei shirota. Proof for the systemic immune-
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modulating effect of the probiotic agent was given by the fact that the stimulation of
DTH responses was transferable to untreated mice by adoptive transfer of the
splenocytes (271, 272).

3.2.1.4. Clinical Studies
There is also evidence that probiotic treatment can modulate immune responses in
humans. Beneficial effects of probiotic treatment have been observed on diarrhearelated parameters. Meta-analysis showed that probiotic treatment reduced the
incidence of 3-day episodes and the duration in infants and adults (273-277). Mixed
results have been obtained in irritable bowel syndrome and IBD patients. Antiinflammatory effects and improved length of remission has been reported; however,
the results vary among different disease stages and among studies (278-280).
Probiotic therapy has been tested in a large number of studies for preventing or
reducing symptoms of allergy or atopy. Several studies showed improvements of
atopic dermatitis disease scores, especially in subjects with high IgE titers (281-285),
and partial prevention of atopic disease has been reported as well in a high-risk group
of subjects (286). However, this topic is not without controversy and a recent report
showed no effects in atopic dermatitis patients (287). In children and young adults
suffering from allergic rhinitis, Bacillus clausii was reported to induce a nasal Th2 Th1
cytokine shift and improve other allergy-related parameters in several small clinical
trials (288-290). However, probiotics do not always skew the Th1/Th2 balance toward
Th1-related responses. A mixture of probiotics was shown to stimulate Th2-related IL-4
production in cow’s milk allergic infants ex vivo, whereas L. rhamnosus GG alone
stimulated Th1-related IFN-γ production (291). These data indicate that different
probiotic strains can vary in their immune-modulating effect in humans.
A combination of 2 probiotic strains enhanced the number of cow’s milk-specific IgAsecreting cells in formula-fed infants, showing an effect on humoral immunity (292).
There are also studies indicating that probiotic treatment may enhance the resistance to
infectious disease. A combination of 3 probiotic strains reduced the total symptom
score in a common-cold study, as well as duration of episodes and days with fever
(293). In healthy volunteers, B. lactis supplementation enhanced phagocytosis of PMN
and NK activity, suggesting a stimulation of the nonspecific immune system. Although
the study was not placebo-controlled, pretesting with the carrier product did not
enhance these parameters (294).

3.2.2. Immune-Modulatory Effects of Bacterial Metabolites
NDCs are the predominant substrates for intestinal fermentation, yielding SCFA
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production in non-ruminant species mostly in the cecum and colon. In all species,
acetate is the predominant SCFAs found in the large intestine, followed by butyrate
and propionate. Much smaller quantities of other metabolites are found as well,
including lactate and protein fermentation-derived branched SCFAs such as formate
and valerate (295). In humans, the SCFA distribution in the colon was shown to be
acetate : butyrate : propionate with a ratio of 60 : 19 : 21, respectively (296). Butyrate is
an important energy source for enterocytes, whereas the butyrate and propionate that
reach portal vein blood are almost completely taken up by the liver. Therefore, butyrate
and propionate are suggested to play a significant role in the intestine and liver, but not
in the periphery. Hepatic uptake of acetate is around 50%, allowing significant levels to
reach the systemic circulation where it is used as an energy source for host cells and
might cause vasodilatory effects (297, 298). SCFAs were reported to directly influence
gene expression patterns, causing enhanced cell differentiation and reduced
proliferation rates in colonocytes, and resulting in suppression or reversal of neoplastic
progression. Butyrate was found to be more effective in this respect than propionate or
acetate (299).
Of the different SCFAs that are produced by intestinal microbiota, butyrate is most
studied and appears to have the most potent modulatory effects on immune cells.
Acetate, butyrate, propionate and combinations thereof induced differential effects on
mitogen-stimulated rat lymph node cells in vitro. Butyrate was most effective in the
inhibition of proliferative responses and stimulation of the regulatory cytokine IL-10,
whereas acetate and propionate partially counteracted the effects of butyrate when
incubated simultaneously (300). Inhibitory effects on immune parameters have also
been shown using human cells in vitro. Butyrate and propionate inhibited proliferation
in human PBMC, but it is not clear whether this was caused by inhibition of T cell (301)
or APC function (302). In a more recent study, dendritic cell differentiation and
maturation were shown to be inhibited by nontoxic levels of butyrate, suggesting
immune-suppressive effects of butyrate on APC in a different in vitro test system as
well (303).
Inhibitory effects on phagocytosis by PMN and macrophages in vitro have been
reported widely. Chemotactic migration to casein, fMLP peptide, and complement
component C5a were found to be inhibited, and PMN phagocytic killing was decreased
at concentrations that are readily available in the large intestine (304). Paradoxically,
stimulating effects of SCFAs on PMN have been described as well. Propionate and
acetate, but not butyrate, induce intracellular calcium influxes in human neutrophils,
indicative of activation. Other activating effects, such as a pH transient and actin
alterations, were observed with butyrate as well as the other SCFAs, indicating that
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differential effects occur on different activation parameters (305, 306). The literature on
these paradoxical effects of SCFAs on PMN is more thoroughly reviewed elsewhere
(307). More recently, G-protein-coupled receptors have been described that can be
activated by SCFAs and play a role in PMN activation at physiologically relevant SCFA
concentrations: G-protein-coupled receptor (GPR)-43, which is expressed in
hematopoietic tissues, monocytes, and PMN, and GPR41, which is more broadly
expressed in various tissues. These receptors are thought to mediate SCFA-induced
effects, whereas high concentrations of SCFAs may induce effects independent of these
receptors (308-310).
SCFAs have also been shown to affect immunological properties of epithelial cells.
Anti-inflammatory effects were reported in HT-29 and Caco-2 epithelial cell lines,
including inhibition of LPS-induced IL-8, monocyte chemoattractant protein-1
production, modulation of TLR4 expression, and altering gene expression by
modulation of histone acetylation (311, 312). Anti-inflammatory effects of butyrate on
epithelial cell lines have been related to the inhibition of NF-κB activity, a mechanism
that may play an important role as well in vivo (313, 314).
Mucosal epithelial cells produce anti-microbial peptides that are part of the first line of
defense against pathogens. Butyrate stimulated anti-microbial cathelicidin expression
and stimulated microbicidal activity against S. aureus (315, 316). The functional
relevance of the effects on anti-microbial peptides is not yet proven in vivo. It was
shown that SCFAs increased the PGE1/PGE2 ratio produced by subepithelial
myofibroblasts (317). This resulted in an increase in mucus production, which might
affect populations of adherent bacteria in the gut. Additionally, modulation of
prostaglandin production might affect inflammatory and other immune responses
locally.
It is difficult to test SCFAs in vivo because orally applied SCFAs will not reach the
physiologically relevant location: the large intestine. Therefore, there are not much data
available from animal or clinical studies. Intra-colonic infusions of high concentrations
of butyrate and lactate reduced parameters of inflammation in a TNBS-induced colitis
model in rats (47). In rats that received various fiber-rich diets, cecal concentrations of
SCFAs were shown to be significantly correlated to intraepithelial CD4 + and CD8+ T
cells, and CD161+ NK cells; the effects differed among various SCFAs, but acetate and
butyrate were both positively correlated to intraepithelial CD8+ T cells (318).
Clinically, butyrate metabolism was shown to be affected in active ulcerative colitis;
oxidation of butyrate in colonocytes was reduced (319), whereas administration of
butyrate enemas improved the clinical course in ulcerative colitis patients (320-322).
Besides SCFAs, it has been suggested that other metabolites from the microbiota might
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modulate the host immune system as well. Small peptides with immune-modulating
capacity have been shown to be produced during anaerobe culture of several
commensal bacteria, including lactobacilli. It was described that oral application of
these bacterial peptides reversed antibiotic-induced immune suppression and
proliferation of lymphatic tissue in mice. Although the peptides were not characterized,
and it is not known whether the production of these peptides is affected by
fermentation of NDCs, it is possible that they play a role in bacterially-induced immune
modulation (323-325).

3.3. Direct Interactions: Lectins
Apart from microbiota-dependent mechanisms, NDCs may modulate the immune
system through direct interactions with receptors or other molecules that relay
immunological messages.
Lectins are carbohydrate-binding proteins (excluding enzymes and immunoglobulins)
with a wide variety of functions, including PRR activity. Ten families of animal lectins
are distinguished on the basis of structure homology, including calcium-dependent Ctype lectins, S-type lectins (galectins), P-type lectins, and others, featuring a huge
variety in sugar-binding activities in total. The affinity for individual saccharide ligands
is usually low, but higher affinity binding is observed with multiple binding sitecontaining ligands, a phenomenon called the glycoside cluster effect (326, 327).
Galectins are β-galactoside or N-acetyllactosamine binding proteins that are mostly
non–membrane bound; therefore, they cannot be classified as PRRs, but they do appear
to modulate immune function (328, 329). As was described above, it has been suggested
in the literature that pectin-derivates can modulate galectin-3 function, resulting in
anti-tumor effects in vivo (156-158).
It is interesting to note that polysaccharide binding and activation of TLR4, a non-lectin
receptor, are reported as well (330, 331).

3.3.1. Brief Overview of Potential Interactions Between Lectins and Non-digestible
Carbohydrates
Although glycobiology is a highly active research discipline nowadays, there are large
gaps in the knowledge about the functions of the wide variety of lectins and their
respective sugar specificities. A full review of this large and rapid-growing research
area is not included here, but it should be noted that the various types of lectins known
today are potential targets for NDC-induced immune modulation. Such modulation
could be induced by dietary carbohydrates that bind lectins in a way that involves
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receptor activation. However, if carbohydrates bind lectins without activating them,
immune modulation could also occur by effectively blocking the lectin from its normal
ligand. If such mechanisms are indeed relevant in vivo, dietary carbohydrates must be
able to interact with lectins. Several cell types and mechanisms that could potentially
play a role are described briefly.
DCs play a central role in immunity and tolerance. Together with other APC they
express high levels of C-type lectins, which are differentially expressed in different
various subsets (332). C-type lectins on DCs participate in cell-cell adhesion, pattern
recognition, and antigen uptake for MHC-presentation (333-335). Because DCs are
known to sample gut contents (259-262), NDC-DC interactions may occur in the gut.
Epithelial cells also express a wide variety of PRRs, including lectins (251, 336).
Therefore, they might also play a role in NDC-induced immune modulation.
M cells take up soluble antigens as well as (micro) particles from the gut lumen. NDCs
could be taken up by M cells and subsequently come into contact with DCs, T, or B cells
in PPs, or homologue tissues. Alternatively, luminal carbohydrates could modulate
binding and/or uptake of other molecules or particles by M cells (337).
There are indications in literature that small fractions of ingested oligosaccharides enter
the circulation. In eeFOS-supplemented healthy volunteers, approximately 0.1% of the
ingested oligosaccharides were recovered in urine. The distribution of fructan chainlengths in urine closely resembled the distribution of chain-lengths in the ingested
material, which suggests that the systemic availability of small oligosaccharides (range
of dp 2–4) does not depend on the size of the molecule (338). In addition, HMOS have
been found in the urine of breast-fed infants (23). These data indicate that the gut
barrier is not absolute for all NDCs; minute fractions of ingested carbohydrates may
enter the systemic circulation and potentially modulate immune cells that express
lectins. As mentioned before, HMOS have been described to bind or affect expression
of selectins (25, 26), DC-SIGN (27), integrins (28, 29), and galectins (30). These
molecules are also potential targets for binding to other NDCs in the intestine or
systemically. In addition, cytokine functions might be modulated by NDCs, as many
cytokines possess carbohydrate-binding domains that are suggested to be relevant for
their immunological functions (327, 339).

3.3.2. Lectins: Summarizing Remarks
In conclusion, carbohydrates could exert immune-modulatory properties locally in the
gut through interaction with PRRs on many cell types that can directly come into
contact with gut content. In addition, small fractions of multimeric sugar molecules
might pass the gut barrier and exert immune-modulatory effects systemically.
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Although these mechanisms are highly speculative, there is some evidence for systemic
immune-modulating effects of orally applied NDCs that are microbiota-independent
(89, 91).

4. Conclusions
A wide variety of dietary NDCs have been reported to modulate immune functions in
experimental animals and man. These NDCs range from small, enzymatically
produced oligosaccharides to large polysaccharides that occur naturally in the diet.
Local effects of NDC supplementation have been observed in the intestine in many
different models, including effects on intestinal inflammation, tumor formation,
mucosal immune responses, and mucosal cell populations. Systemic modulation of
immune responses has been reported as well after dietary administration of NDCs,
including enhanced resistance to systemic infections, enhanced responses to systemic
vaccination, and a reduced incidence of atopy. NDCs have been studied mostly in
animals or in vitro. Although beneficial immune-modulating effects have been
demonstrated in a limited number of clinical studies, more trials are needed to confirm
the preclinical results in humans.
The reported effects on the immune system include modulation of specific and
nonspecific responses, cellular and humoral responses, and mucosal and systemic
responses. Some NDCs induce immune-modulating activities that might appear
contradictory at first glance; for example, fructans were described to induce antiinflammatory effects in colitis models (45-48), whereas immune-stimulating effects
were shown in enteric or systemic infection models (52). However, these data are not in
direct conflict because the immunological mechanisms that play a role in the different
models are different. In contrast, conflicting evidence is present in a few other cases.
For example, contradictory effects of β-glucans were reported on inflammatory
responses and TNF-α production in macrophages (121, 123-126). Because many NDCs
contain a mixture of different carbohydrate molecules that may vary among different
preparations from the same source, it is unclear whether these discrepancies are due to
variation between experiments and experimenters or to variation in NDC preparations.
Given that orally applied NDCs co-locate in the gastrointestinal tract with the rest of
the diet, potential interactions between NDCs and the nutritional matrix need to be
considered as well.
Many potential mechanisms of NDC-induced immune modulation have been
described in this review, but in most cases the available data are not conclusive about
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the relevance of these mechanisms in vivo. Results from animal experiments with orally
applied β-GOS and raffinose strongly suggested that these systemic immunemodulation effects were induced in a microbiota-independent way (89, 91). In
experimentally induced colitis, the results indicated that the amelioration of disease
symptoms by fructans was caused by a microbiota-dependent mechanism (47, 48). The
underlying mechanisms were not clarified in other in vivo studies; in most cases, no
attempt was made to do so. Various authors have shown immune-modulatory effects
simultaneously to effects on the microbiota; however, this does not provide conclusive
proof of a causative relation between both effects. To gain more insight into the
mechanisms of NDC-induced immune modulation, it is important that the effects of
NDCs are investigated in vitro, in vivo, and in clinical studies, an approach that is
advocated by the International Life Sciences Institute (ILSI) expert-group as well (340).
Nonetheless, interesting parallels have been observed between immune-modulatory
effects of different NDCs, probiotics, and SCFAs. Breast feeding has been reported to
lower the incidence of atopy-related disorders (35-37), an effect that was also shown for
the scGOS/lcFOS mixture of oligosaccharides (Immunofortis) designed to mimic the
function of HMOS in infant formula (97). In addition, similar results were reported in
several studies with probiotics on atopy- and allergy-related parameters (281-286).
These data might suggest that the anti-atopic effects were caused by microbiotadependent mechanisms, as the growth and/or colonization of beneficial bacteria was
stimulated by breast feeding, and scGOS/lcFOS, as well as probiotic treatment.
Oral application of several types of NDCs, including fructans (45-48) and RS (168), as
well as several probiotics (239, 240), and local application of SCFAs (320-322), have
been shown to reduce inflammation or clinical symptoms in IBD-related studies. Seeing
that the effects appeared to be mediated by the presence of specific intestinal bacteria as
well as their fermentation metabolites, a synbiotic approach combining specific strains
of beneficial bacteria and their substrate may be promising in this line of research.
Fructans are very different from β-glucans with respect to their carbohydrate
backbones and chain lengths. However, both groups of NDCs have shown similar
effects in vitro on IFN-γ- primed macrophages (44, 127) and on activation of the
alternative complement pathway, which is only induced by insoluble forms of these
NDCs (79-82). More research is needed to determine whether both types of glucans
share a common microbiota-independent pathway of immune modulation that
explains these results. The role of microbiota-dependent mechanisms in β-glucaninduced immune modulation has not been investigated, but there are indications that
β-glucans have prebiotic properties (217-220). Moreover, an orally applied β-glucan
induced a similar shift toward Th1-related cytokine production in nasal lavage fluid of
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allergic individuals (120), as was reported for treatment with a probiotic bacterium
(288-290). These data might suggest a role for a microbiota-dependent mechanism of
immune modulation by β-glucans, but it remains to be determined whether such a
mechanism is functionally relevant.
Protective effects of various NDCs have been observed in intestinal tumor models,
including the effects of fructans(52, 53, 56, 57) and β-glucans (141). These effects may be
caused by NDC-induced SCFA production, as SCFAs have been shown to inhibit
proliferation and stimulate differentiation of colonic epithelial cells (299). However,
anti-carcinogenic effects of fructans (58, 59, 84), β-glucans (142, 143), pectins (157, 158),
and nigerooligosaccharides (172) have been reported in systemic tumor models as well.
It is unknown what mechanisms cause these effects, but it is tempting to speculate that
the immune system is involved.
The previous general observations offer some insight into similarities and possible
mechanisms regarding effects of various NDCs and probiotics on the immune system;
however, caution should be taken in making general statements. Various structurally
related NDCs, such as different fructans, were shown to induce differential effects on
functional immune parameters in vivo and on microbiota-related parameters (52, 190,
chapter 3). For probiotic bacteria, strain-specific effects have been reported in many
studies, including effects on functional immune parameters in vitro and in vivo (248,
250). This indicates that there is a specificity in the effects of particular agents, which is
observed both in the field of NDCs and prebiotics as in the fields of probiotics and
synbiotics.
In conclusion, many reports have demonstrated mucosal and systemic immunemodulatory effects induced by orally applied NDCs, but more research is needed to
identify and understand the underlying working mechanisms and to confirm the
results in clinical studies. It is important that experiments with NDCs, whether these
are regarded to be prebiotic or not, are performed with an open mind for potential
microbiota-dependent and -independent effects on the immune system.
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Abstract
Analogous to reported immune-modulatory effects of probiotics, this study was
performed to analyze the immune-modulatory properties of prebiotic oligosaccharides
that share chemical characteristics with human milk oligosaccharides.
A mixture containing short-chain galactooligosaccharides and long-chain
fructooligosaccharides (scGOS/lcFOS; ratio 9:1) was tested at dietary doses between 1
and 10% (w/w of total diet) in an influenza vaccination model, using 10
C56BL/6JolaHsd mice per group. The modulation of vaccine specific delayed-type
hypersensitivity (DTH) responses was studied as a marker of T-helper 1 (Th1)
immunity, as well as other immune parameters. scGOS/lcFOS enhanced DTH
responses dose-dependently (optimum at 5% w/w of total diet; 41.4±14.1 % increased
compared to controls, p<0.05). No significant changes were detected on splenocyte
proliferation or vaccine-specific antibody concentrations. Simultaneously, scGOS/lcFOS
dose-dependently increased the proportion of fecal bifidobacteria and lactobacilli
(maximal effect at 10% w/w of total diet; 16.8±2.4 % and 5.8±1.3 % increased compared
to controls respectively, p<0.01 for both parameters)
In a comparative experiment, scGOS/lcFOS and scFOS/inulin (both at 2% w/w of total
diet) induced similar significant effects on the gut microbiota. In contrast to
scGOS/lcFOS, scFOS/inulin did not enhance DTH responses, indicating that an increase
in the proportions of bifidobacteria and lactobacilli is not sufficient for an immunemodulatory effect in this model.
The use of scGOS/lcFOS in dietary products might provide an opportunity to stimulate
the adaptive immune response in a Th1-direction and subsequently inhibit infections
and Th2-related immune disorders in humans, for instance allergies. Clinical studies
are being performed to confirm this.

Introduction
Oligosaccharides are a major constituent of human milk and are thought to play an
important role in its growth-promoting effect on bifidobacteria and lactobacilli in the
infant’s gut (1, 2). Prebiotic substances have a similar effect on the microbiota of the gut,
since they are defined as ‚non-digestible food ingredients that beneficially affect the
host by selectively stimulating the growth and/or activity of one or a limited number of
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bacteria in the colon (3). Examples of well-studied prebiotics are inulin,
fructooligosaccharides (FOS) and galactooligosaccharides (GOS). These have been
shown to increase the number of bifidobacteria and lactobacilli in the intestinal
microbiota of animals and man (4-8).
Living bifidobacteria and lactobacilli applied as probiotic agents have immunemodulatory effects on innate and mucosal immune parameters (9), as well as on
systemic immune responses (10). It is assumed that prebiotics have effects on the
immune system similar to probiotics, because both enhance the number of ‘beneficial’
bacteria in the gut. However, the relation between prebiotic agents and immunity has
not been documented in detail. Literature reports have focused mainly on the mucosal
part of the immune system, and actual prebiotic effects on the intestinal microbiota
were not analyzed simultaneously in most studies (11-15).
Therefore, we tested whether a specific prebiotic mixture (scGOS/lcFOS in a ratio 9:1;
Immunofortis) modulates systemic immune responses in a murine vaccination model,
analogous to published effects of probiotics (10). The use of vaccination response
parameters for studying immune modulation in nutritional intervention studies was
recently advocated by an ILSI/WHO expert group (16, 17). We established an influenza
vaccination model in young adult C57BL/6JOlaHsd mice. Because dietary intervention
could potentially lead to either down-regulation or up-regulation of the immune
responses, conditions had to be selected in such a way that both types of modulation
could be detected. Therefore, the vaccine dose was titrated in an initial experiment to
induce a sub-maximal immune response. Modulation of cellular immune responses to
vaccination was studied by delayed-type hypersensitivity (DTH) responses, as a
parameter for cellular T-helper1 (Th1) dependent immunity, and by vaccine-induced
splenocyte proliferation as a parameter for T-cell activation. Modulation of the humoral
immune response to vaccination was measured by vaccine-specific serum antibody
concentrations.
To be able to correlate the immune related parameters with changes in the microbiota,
the intestinal microbiota were measured simultaneously with the immune related
parameters in each experiment. Prebiotic effects were studied by measuring bacterial
composition and biochemical parameters in fecal or colon samples.
scGOS/lcFOS is a mixture of short-chain GOS and long-chain FOS in a 9:1 ratio, that
was designed to resemble the neutral fraction of human milk oligosaccharides (HMOS)
with regard to its molecular size distribution and high galactose residue content (1820). When applied in an infant milk formula (IMF), this mixture has been shown to
functionally mimic the effects of breast-feeding on the fecal flora in term and preterm
infants (20-23). The dose range that was tested in this experiment (1 to 10% w/w of the
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scGOS/lcFOS product in total diet) related to oligosaccharide doses in human milk and
infant milk formulas (IMF). Human milk contains around 1.2 g oligosaccharides per
100 mL (corresponding to approximately 10% of the dry weight) (24, 25). Doses of
scGOS/lcFOS in infant studies were 0.4 and 0.8 g oligosaccharides per 100 mL IMF
(corresponding to 3 and 6% of the dry weight). To study whether the observed effects
were specific to scGOS/lcFOS supplementation, three other commercially available FOS
or inulin products were tested in comparison, which have also been described to
induce prebiotic effects (26, 27).

Materials and methods
Mice
Female 6- and 8-week old C57Bl//6JOlaHsd mice were obtained from Harlan (Horst,
The Netherlands) and kept under normal conditions with a 12 h dark and light cycle
and free access to food and water. All experiments were approved by an independent
animal experiments committee (DEC Consult, Bilthoven, The Netherlands).

Diets and oligosaccharide preparations
All animals received semi-purified AIN-93G-based diets (Research Diet Services, Wijk
bij Duurstede, The Netherlands). All supplemented oligosaccharide products were
exchanged for the same amount of total carbohydrates, to keep this parameter equal. In
addition, this approach resulted in a comparable overall carbohydrate composition in
different diets, to ensure that the gut flora was minimally influenced by differences
between control and test diets in parameters such as gut passage time and fluid
retention. The oligosaccharides were mixed into the AIN-93G diet and pressed into
pellets. Deviations from the AIN-93G specification are specified in Table 1 for all
supplemented diets.
scGOS/lcFOS (Immunofortis) is a spray-dried powder of short-chain GOS (Vivinal
GOS, Borculo Domo, Zwolle, The Netherlands) with a degree of polymerization (dp) of
3-8, and long-chain FOS (Raftiline HP, Orafti, Wijchen, The Netherlands; average dp
>23) in a 9:1 ratio. It consists of approximately 50% (w/w of product) scGOS and lcFOS.
Non-oligosaccharide carrier materials in scGOS/lcFOS are approximately 19% (w/w of
product) maltodextrin (Glucidex 2, Roquette, France), 16% (w/w of product) lactose,
14% (w/w of product) glucose and 1% (w/w of product) galactose. scFOS/inulin
(Raftilose Synergy 1,Orafti) consists for approximately 92% (w/w of product) of a
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Table 1. Composition of the diets

Ingredients (g/kg)

Control
diets (AIN93G)

Diets containing
2%
oligosaccharide
preparations
10%

scGOS/lcFOS dose-response diets
1%

2.5%

5%

Diet
containing
carrier
material

Cornstarch

397.5

391.6

382.9

368.2

339.0

385.8

391.6

Dextrinized cornstarch

132.0

130.1

127.1

122.3

112.6

128.1

130.1

Sucrose

100.0

98.5

96.3

92.6

85.3

97.1

98.5

Cellulose

50.0

49.3

48.2

46.3

42.6

48.5

49.3

a

a

a

a

b

Added carbohydrates

10

25

50

100

20

10

c

a

scGOS/lcFOS; bone of the following ingredients: scGOS/lcFOS, scFOS/inulin, scFOS or inulin; ca combination
of 3.8 g/kg maltodextrin, 3.2 g/kg lactose, 2.8 g/kg glucose and 0.2 g/kg galactose. Please refer to the text for
details on the added carbohydrates.

combination of inulin and FOS. Short-chain FOS (scFOS; Raftilose P95, Orafti) contains
95% (w/w of product) scFOS (dp 2-7). Inulin (Raftiline ST, Orafti) contains around 92%
(w/w of product) FOS with a broad range of chain-lengths (average dp=10). The
remainder of the latter three products consists of glucose, fructose and sucrose.
The dosages mentioned in this chapter reflect the percentages of the total products in
the diets.

Vaccination protocol and DTH response
Vaccination experiments were performed using Influvac (Solvay Pharmaceuticals,
Weesp, the Netherlands) from season 2002/2003. It is an inactivated influenza virus
vaccine based on isolated haemagglutinin (HA) and neuraminidase antigens of three
strains of myxovirus influenza, in a dose equivalent to 30 µg/ml HA per strain (90
µg/ml HA in total). An oil-adjuvant was used in all vaccinations (Stimune, previously
known as Specol; Cedi-diagnostics, Lelystad, The Netherlands).
The mice received a primary vaccination and a booster vaccination, consisting of a
subcutaneous (sc) injection of a 1:1 mix of vaccine and adjuvant in a total volume of 100
µL. The booster vaccination was given 21 days after the primary vaccination. The
experiments ended 10 days after booster vaccination. Blood samples (taken by retroorbital puncture) were taken before primary and secondary vaccination and at the end
of the experiment. Negative control groups that were included in all experiments
(indicated with ‘sham group’) received injections with a 1:1 mix of PBS and adjuvant in
a total volume of 100 µL. Sham groups were never used for statistical comparisons to
supplemented groups, but served solely to demonstrate the specificity of vaccine-
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induced responses.
DTH reactions were induced 9 days after booster vaccination, by sc injection of 25 μL
Influvac into the ear pinnae of both ears. Ear thickness was measured in duplicate
before vaccine challenge and 24 hours thereafter, using a digital micrometer (Mitutoyo
Digimatic 293561, Veenendaal, The Netherlands). The DTH response was calculated by
subtracting the basal ear thickness from the value at 24 hours after challenge.

Vaccine titration experiment
In the initial experiment, 33 mice were randomly assigned to 3 experimental groups (8
weeks of age; n=10) and a sham group (n=3). Three dilutions of the vaccine were tested,
with the objective to find a dose that induces sub-maximal DTH and antibody
responses. Vaccine concentrations of 0.9, 9 and 90 µg/ml HA (corresponding to 100x,
10x and 1x diluted vaccine) were tested in PBS, keeping the injection volume and
amount of adjuvant constant. Vaccine concentration rather than the amount of adjuvant
was varied because it allowed the use of a constant injection volume.

Dietary intervention experiments
The first dietary intervention experiment was performed to test the effect of different
doses of the scGOS/lcFOS mixture on vaccine-induced immune responses. Fifty-three
mice were randomly assigned to 4 experimental groups and 1 control group (6 weeks
of age; n=10), as well as a sham group (n=3). Mice in control and sham groups received
the AIN-93G control diet without supplements.
Subsequent experiments were performed to compare the observed effects of the
scGOS/lcFOS mixture with effects of other oligosaccharide preparations.
Supplementation of 2% (w/w of total diet) scGOS/lcFOS was compared with
inulin/FOS, scFOS and inulin, each at 2% (w/w of total diet). In addition, scGOS/lcFOS
supplementation (2% w/w of total diet) was compared with supplementation of the
same amount carrier material that is present in 2% (w/w of total diet) scGOS/lcFOS
mixture. Both groups were also compared to the unsupplemented control diet.
In all experiments, the 0.9 µg/ml Influvac dose was used (100x diluted vaccine). All
animals received the control diet for a minimum of 5 days before the start of the dietary
interventions. Dietary supplementation started 20 days (scGOS/lcFOS dose response
experiment) or 14 days (other experiments) before the first vaccination and lasted until
the end of the experiment, 31 days after the first vaccination.
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Antigen-specific antibody measurements
Serum antibody concentrations were measured by ELISA. In short, 96-well plates
(Costar EIA/RIA plate, Alphen a/d Rijn, The Netherlands) were coated with 1:100
diluted Influvac in PBS. Blocking reagent was 2% BSA (Sigma, Zwijndrecht, The
Netherlands) in PBS. A dilution series of pooled serum that contained anti-vaccine
antibodies was added for standard curve calculation. Anti-IgG-HRP (Santa Cruz
Biotechnology, Heerhugowaard, The Netherlands), anti-IgG1-biotin and anti-IgG2abiotin (Becton Dickinson, Heerhugowaard, The Netherlands) antibodies were diluted
1:1000 in dilution buffer. For the biotin-conjugated antibodies, the plates were
subsequently incubated with a 1:20,000 dilution of streptavidin-HRP (Biosource, EttenLeur, The Netherlands). Plates were incubated with ready-to-use TMB substrate
(Perbio Science, Etten-Leur, The Netherlands) and were measured in a Bio-Rad
Ultramark plate reader. Concentrations in test sera were calculated in arbitrary units
(AU), relative to the standard curve of the diluted pooled serum. The concentration of
the pooled serum was defined as 1,000 AU/ml.

Splenocyte proliferation assay
Splenocytes were isolated by gently pressing spleen tissue through nylon mesh filters
(Falcon cell strainer, Becton Dickinson, Alphen a/d Rijn, the Netherlands). After
erythrocyte lysis by osmotic shock, cells were counted and diluted to the appropriate
concentrations. Cultures were incubated with Influvac vaccine at a predetermined
optimal concentration, and proliferation was measured by tritiated thymidine
incorporation. In short, 1*106 cells were distributed in 96-well plates in triplicate in
RMPI-1640 medium (Invitrogen, Merelbeke, Belgium) supplemented with 10% fetal
calf serum, 100 U/ml penicillin and 100 µg/mL streptomycin. Cells were stimulated
with control medium or with 0.1 μg/mL Influvac vaccine solution. After four days of
culture, 0.4 μCi/well tritiated thymidine was added, and after 24 hours cells were
harvested (Filtermate, Perkin Elmer) and counted in a scintillation counter (Wallac
Microbeta, Perkin Elmer). Data are presented as the difference in counts per minute
(cpm) between control medium and Influvac-stimulated wells.

Feces collection, pH measurement and analysis of SCFAs and lactate
In the first experiment (scGOS/lcFOS dose-response study), fecal samples were
collected from the cages from the last two days of the study. In the second experiment
(comparison of scGOS/lcFOS with other oligosaccharide preparations), samples were
collected freshly from the colon during dissection. All samples were stored at –20 oC.
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After thawing, the samples were pooled per experimental group (using a fixed weight
of sample per animal) and 10x diluted in saline (w/v). The pH was measured in the
diluted samples at room temperature.
For short-chain fatty acid (SCFA) analysis, 350 µL of fecal suspension was mixed with
200 µL 5% (v/v) formic acid, 100 µL 1.25 g/L 2-ethylbutyric acid (as internal standard,
Sigma-Aldrich, Zwijndrecht, The Netherlands) and 350 µL MilliQ water. The samples
were centrifuged for 5 min at 16,000 xg to remove large particles and the supernatants
were stored at –20 oC.
SCFAs were quantitatively determined by a Varian 3800 gas chromatograph (GC)
(Varian, Inc., Walnut Creek, U.S.A.) equipped with a flame ionization detector. 0.5 µL
of the sample was injected at 80 oC in the column (Stabilwax, 15 m x 0.53 mm, film
thickness 1.00 µm, Restek Co., USA) using helium as carrier gas (3.0 psi). After injection
of the sample, the oven was heated to 160 oC at a speed of 16 oC/min, followed by
heating to 220 oC at a speed of 20 oC/min and finally maintained at a temperature of 220
oC for 1.5 minutes. The temperature of the injector and the detector was 200 oC. Data are
expressed in mmol/g of fecal weight.
For lactate analysis, the fecal suspension was centrifuged for 5 minutes at 16,000 xg. 100
µL supernatant was heated for 10 minutes at 100 oC to inactivate all enzymes.
Concentrations of L-lactic acid and D-lactic acid were determined enzymatically using
a L-lactic acid detection kit and D-lactate-dehydrogenase (Scil Diagnostics GmbH,
Viernheim Germany). Data are expressed in mmol/g of fecal weight.

Feces preparation and DNA isolation for qPCR analysis of microbiota
Frozen fecal or colon samples were thawed by adding 1 mL of MilliQ water and
heating at 90 °C. The suspensions were subsequently homogenized and frozen
overnight at –20 °C. The homogenized samples were thawed at room temperature,
followed by DNA isolations using the NucliSense Isolation Extraction Kit (BioMerieux,
Boxtel, The Netherlands).

Quantitative real-time PCR of the genus Bifidobacterium and Lactobacillus
For the relative quantification of the genera Bifidobacterium (28) and Lactobacillus (29)
in relation to the total bacterial load, a duplex 5’ nuclease quantitative real-time PCR
(qPCR) assay was used.
Briefly, different primers and probes for the genus Bifidobacterium or Lactobacillus in
combination with primers and probes for the total bacterial load (30) were used in a
temperature profile consisting of 2 min at 50 C, 10 min at 95 C, followed by 45 cycles
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of 15 s at 95 C and 60 C for 1 min, run on ABI Prism 7700 PCR equipment (Applied
Biosystems, Nieuwerkerk a/d IJssel, The Netherlands).
Thereafter, the relative amounts of the genus Bifidobacterium or Lactobacillus in the
samples were calculated with respect to the total bacterial load according to Liu et al.
(31), and expressed in percentages. All samples were measured in triplicate.

Statistical analysis
Statistical calculations were performed using SPSS version 12.0.1 software. Antibody
concentration data were log-transformed to normalize the distribution, before statistical
calculations were performed. Statistical differences between test and control groups
were analyzed by ANOVA and post-hoc Dunnett’s test if multiple groups were
compared to a single (control) group. Bonferroni post-hoc tests were performed after
ANOVA if comparisons were made to multiple groups. Dose-response relationships
were analyzed by linear and quadratic regression, to analyze linear or curved
relationships. Based on residual squares analysis, the quadratic model provided the
best fit in all cases. Regression curves with 95% confidence intervals (CI) are plotted in
the graphs. The significance of differences between individual dose-groups and the
control group in the dose-response experiment was tested using post-hoc Dunnett‘s
tests. P-values <0.05 were considered significant in all experiments. All statistical tests
in this study were performed two-sided.

Results
Dose-dependent vaccine responses
In the dose range of 0.9 to 90 μg/mL, there was a clear dose-response relationship
between the vaccine dose and both DTH and antibody responses (Fig. 1). Already at
the lowest dose of 0.9 μg/mL, a response was detectable in DTH and IgG-class antivaccine antibodies. These responses were significantly lower than those at higher
vaccine doses. This was also observed in vaccine-specific IgG1- and IgG2a-subclass
antibody concentrations, but differences between groups were not statistically
significant, due to higher variation (data not shown). In addition, vaccine-specific
splenocyte proliferation was measured ex vivo. Proliferation responses in the 90 μg/mL
vaccine group were 1.1*104±1.6*103 cpm, compared to –202±85 cpm (mean±SEM) in the
sham group. No significant differences were found between the different vaccination
doses.
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Figure 1. DTH responses and serum antibody concentrations after vaccination with 3 different vaccine
concentrations. (a) DTH responses measured by ear swelling. (b) Vaccine-specific total IgG concentration in
arbitrary units (AU). The concentrations were calculated relative to a pooled serum from vaccinated animals,
with a defined concentration of 1,000 AU. * Indicates p<0.05 compared to the higher dose group, tested using
ANOVA and post hoc Dunnett’s test; error bars indicate SEM; n=3 in sham groups, n=10 in all other groups.

Low background responses were shown for all parameters in the sham groups, which
indicates that the responses were vaccine-specific. This was also the case in subsequent
dietary intervention experiments (data not shown). Thus, the 0.9 μg/mL vaccine dose
induced sub-maximal and specific DTH and IgG-class antibody responses. Therefore,
this dose was used in all subsequent experiments, to enable the detection of increased
as well as decreased vaccination responses in dietary intervention studies.

Animal weights and feed intake
Animal weights and feed intake were monitored weekly during all dietary intervention
experiments. No significant differences were measured between experimental groups
within the same experiment for both parameters, indicating that all diets were well
tolerated. Animal weight at the end of the experiment and average feed intake per
week are presented in Table 2.

DTH responses
A dose-dependent effect on the DTH response was found in the dietary
supplementation range between 1 and 10% (w/w of total diet) scGOS/lcFOS (Fig. 2a).
Regression analysis of the experiment suggested an optimum at the 5% (w/w of total
diet) scGOS/lcFOS dose. This dose significantly increased the DTH response when
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Table 2. Animal weights and feed intake
Animal weight at the end
of the experiment
Experiment

scGOS/lcFOS dose
response experiment

Comparison of different
oligosaccharide
preparations

Group

Mean (g)

SEM

Control

19.62

1%

19.44

2.5%

Weekly feed intake per
animal
Mean (g)

SEM

0.33

17.91

0.60

0.37

17.82

0.62

19.90

0.32

17.83

0.50

5%

20.14

0.48

18.21

0.51

10%

20.27

0.46

18.38

0.58

Control

19.71

0.59

17.42

0.44

scGOS/lcFOS

19.68

0.27

17.10

0.45

scFOS/inulin

19.36

0.43

17.08

0.39

scFOS

19.87

0.28

17.74

0.41

Inulin

19.04

0.41

17.02

0.41

18.98

0.39

16.47

0.30

19.23

0.41

16.30

0.33

18.52

0.35

16.51

0.38

Control
Comparison of
scGOS/lcFOS and carrier scGOS/lcFOS
material
Carrier

Feed intake was measured weekly per animal cage; the data are shown as the mean intake per
animal per week. No significant differences in animal weight or feed intake were observed
between experimental groups within an experiment, as analysed by ANOVA.

compared to the control group. Mice that were fed with lower doses of scGOS/lcFOS
also showed higher DTH responses than mice that received the control diet, but the
differences were not significant. In subsequent experiments with a similar experimental
design and identical procedure, doses between 1% and 2.5% (w/w of total diet)
scGOS/lcFOS also showed significantly increased DTH responses compared to control
mice (data not shown; see also Fig. 2b).
The immune-modulatory effect of scGOS/lcFOS in the vaccination model was
compared with other commercially available oligosaccharides. Three different FOS and
inulin preparations were compared with scGOS/lcFOS at a fixed supplementation dose
of 2% (w/w of total diet). Only scGOS/lcFOS supplementation resulted in a significant
increase of the DTH response (Fig. 2b). In addition, 2% (w/w of total diet) scGOS/lcFOS
supplementation was compared to the same amount of carrier material present in the
scGOS/lcFOS mixture. Both groups were also compared to the unsupplemented control
diet. The carrier material did not induce a significant increase in the DTH response
compared to the unsupplemented diet. In contrast, the DTH responses in mice that
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received 2% (w/w of total diet) scGOS/lcFOS were significantly higher than the
responses in both other groups (Fig. 2c).

Splenocyte proliferation
Ex-vivo vaccine-induced proliferation was measured after 5 days of culture. Low
background proliferation was measured in sham-vaccinated mice (179±470 cpm;
mean±SEM). Clear proliferative responses were measured in the Influvac-vaccinated
control mice (5.0*104±823 cpm; mean±SEM). No significant changes in proliferative
responses were measured in scGOS/lcFOS supplemented mice compared to controls.

Serum antibody concentrations
In the scGOS/lcFOS dose-response experiment, vaccine-specific antibody
concentrations were measured in serum after primary vaccination and at the end the
intervention period. Total IgG concentrations were 116±12 and 1176±506 AU
(mean±SEM) in the control groups after primary and secondary vaccination,
respectively. Corresponding concentrations were 115±21 and 1245±545 AU
(mean±SEM) for the IgG1 subclass and 140±66 and 1058±482 AU (mean±SEM) for the
IgG2a subclass. High intra-group variation was observed in all experimental groups and
no significant differences between groups were found for any antibody subclass (data
not shown). IgG2a antibodies are generally associated with Th1 activity, while IgG1
antibody responses are associated with Th2 activity, based on the ability of IFN-γ and
IL-4 to stimulate and cross-regulate the production of these IgG subclasses (32, 33).
Therefore, IgG1/IgG2a ratios were calculated for each individual animal in the current
experiment. The ratio was 1.12±0.64 (mean±SEM) in the control group; no significant
differences were found between groups (data not shown).
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Figure 2. Effect of dietary intervention with oligosaccharide preparations on DTH responses. (a) Dose-reponse of
scGOS/lcFOS (% w/w of total diet). Quadratic regression was performed to analyse dose-response relationship and
the optimal fitting curve is plotted in the graph together with the 95% CI’s. (b) Comparison of scGOS/lcFOS with 3
other oligosaccharide preparations, at 2% (w/w of total diet) in the diet. (c) Comparison of 2% (w/w of total diet)
scGOS/lcFOS supplementation with a corresponding amount of non-oligosaccharide carrier materials that is present
in 2% scGOS/lcFOS (consisting mainly of maltodextrin, lactose, glucose). Both diets were compared to
unsupplemented AIN-93G control diet. In (a) and (b), * indicates p<0.05 compared to the control group; tested with
ANOVA and post hoc Dunnett’s test. In (c), # indicates p<0.05 compared to all other groups, tested with ANOVA
and post hoc Bonferroni’s test. In all graphs, error bars indicate SEM and n=10 in all groups.
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Microbiota-related parameters
The proportion of bifidobacteria in pooled fecal samples from the control group in the
scGOS/lcFOS dose-response study was high (27.6±3.0%; mean±SEM) compared with
colon samples from control mice in the comparison experiment of scGOS/lcFOS with
other oligosaccharides (3.2±0.6%; mean±SEM). This aside, dietary intervention with
increasing doses of scGOS/lcFOS elevated the number of bifidobacteria in the pooled
fecal samples in a dose-dependent manner (Fig. 3a). Post-hoc analysis showed that all
dose groups contained significantly higher proportions of fecal bifidobacteria than the
control group. scGOS/lcFOS also elevated the proportion of lactobacilli in the pooled
samples in a dose-dependent manner; the effect was statistically significant in the 10%
group (Fig. 3b).
Sugar-fermenting bacteria, including lactobacilli and bifidobacteria, are known to
produce lactate and SCFAs in the gut, which results in a decreased pH of the gut
content. The fecal pH decreased from 8.4 in the control group to 7.3 in the 10%
scGOS/lcFOS group (Fig. 3c). SCFA concentrations (acetic acid, propionic acid and
butyric acid) were mainly increased in the 10% scGOS/lcFOS group (Fig. 3d). Finally,
lactate concentrations were increased in the 2.5, 5 and 10% groups compared to controls
(Fig. 3e). Due to a limited amount of sample material, no repeated measurements and
therefore no statistics were performed on these biochemical parameters.
scGOS/lcFOS was compared with three other oligosaccharide preparations at a
supplementation dose of 2% (w/w of total diet), regarding the colon microbiota content.
Both scGOS/lcFOS and scFOS/inulin significantly increased the relative numbers of
bifidobacteria (Fig. 4a) and lactobacilli (Fig. 4b), compared to the control diet. scFOS
and inulin showed no significant effects on both groups of bacteria at this dose.
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Figure 3. Prebiotic effects of different doses of scGOS/lcFOS. The percentage of (a) bifidobacteria and (b)
lactobacilli relative to total bacterial counts in pooled samples after scGOS/lcFOS supplementation, measured
in triplicate. Quadratic regression was performed and the optimal fitting curves are plotted in the graphs
including 95% CI’s. * Indicates p<0.05 compared to the control group, ANOVA and post hoc Dunnett’s test;
error bars indicate SEM. (c) pH of the fecal samples. (d) SCFA content of the fecal samples. (e) Lactate content
of the fecal samples. Data in (c), (d) and (e) were measured once due to shortage of sample, therefore no
statistics were performed.
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Figure 4. Effects of different oligosaccharide preparations on the proportions of bifidobacteria and
lactobacilli in the intestinal microbiota. The proportion of (a) bifidobacteria and (b) lactobacilli in pooled colon
samples relative to the total bacterial count are presented, measured in triplicate. All oligosaccharide
preparations were supplemented at 2% (w/w of total diet) in the diets. * Indicates p<0.05 compared to the
control group; error bars indicate SEM.

Discussion
This study shows that dietary intervention with the prebiotic scGOS/lcFOS mixture
enhances systemic adaptive immune responses in a murine vaccination model. This
effect is reported for the first time, in combination with simultaneous measurements of
parameters of the intestinal microbiota. The increased DTH responses after vaccination
indicate that dietary supplementation with scGOS/lcFOS enhances parameters of Th1dependent immunity in vivo at relatively low doses. In our experience the magnitude of
the immune-modulatory effect of scGOS/lcFOS at doses of 1 to 2.5% (w/w of total diet)
varied between separate experiments, but the stimulatory effect on DTH responses
after vaccination was consistently observed. In addition, this effect appears to be
specific to scGOS/lcFOS, because three other oligosaccharide preparations did not
modulate DTH responses.
scGOS/lcFOS supplementation had no effect on vaccine induced splenocyte
proliferation, suggesting that the increase in DTH response is not caused by an increase
in the general activation status of splenic vaccine-specific T-cells. Additionally,
scGOS/lcFOS supplementation had no effects on vaccine-specific IgG, IgG1 and IgG2a
antibody responses. The current model might not be sufficiently sensitive to detect
changes in antibody concentrations, related to the high intrinsic biological variation in
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this parameter, or the immune-modulatory mechanism of scGOS/lcFOS
supplementation might specifically affect cellular but not humoral immune responses.
Immune-modulatory effects of prebiotics have been shown before by others, but most
studies have focused on the mucosal part of the immune system. Animal studies have
shown effects on Peyer’s patch (PP) lymphocyte populations and cytokine production
(11, 12), increased PP and intestinal IgA production (13), as well as shifts in cytokine
production in mucosal lymphocyte cultures (14). Systemic effects have been reported
concerning total IgE serum concentrations (14), natural killer cell activity and
phagocytic activity (34), tumor occurrence (35-39) and murine mortality rates after
systemic infections with Listeria monocytogenes and Salmonella typhimurium (38).
However, unlike the present study, these reports on systemic effects do not provide
direct evidence for modulation of systemic adaptive immune responses.
It has been described that specific dietary probiotics enhance DTH responses in mice
and rats (10). In this study, dietary scGOS/lcFOS is shown to cause a similar effect on
DTH responses and to modulate the intestinal microbiota and related biochemical
parameters (i.e. SCFAs, lactate and pH), suggesting a common mechanism that
involves intestinal bacteria. However, scFOS/inulin supplementation at 2% (w/w of
total diet) resulted in a prebiotic effect, but did not affect immune function. In addition,
the scGOS/lcFOS dose-response relationships were not identical for the DTH and the
microbiological parameters. Therefore, the hypothesis that oligosaccharides modulate
the adaptive immune system due to general bifidogenic and/or lactogenic effects
and/or to changes in related biochemical parameters, should be reconsidered. It is
possible that the stimulation of a specific bacterial (sub)strain by scGOS/lcFOS, but not
by scFOS/inulin, causes the increase in DTH responses. Alternatively, oligosaccharides
may also cause direct effects on the immune system: a small proportion of FOS is
absorbed and secreted in the urine (40), intraperitoneally administered short-chain
oligosaccharides were shown to affect airway eosinophilia in rats (41), and specific
forms of inulin have been described to activate the alternative complement pathway
and act as adjuvants upon injection or co-injection with antigen (42-45).
In conclusion, this report shows that dietary scGOS/lcFOS (ratio 9:1) supplementation
induced systemic immune modulation of Th1-dependent adaptive responses in mice.
Other FOS and inulin preparations that were tested in this study did not show
immune-modulatory effects, which suggests that these effects are specific for the
scGOS/lcFOS mixture. scGOS/lcFOS supplementation increased proportions of
intestinal bifidobacteria and lactobacilli in a dose-dependent manner, similar to effects

97

Chapter 3

that have been described in human infants (20-23). However, as the results indicate
from this study, such general prebiotic effects are not sufficient in all cases to induce
modulation of Th1-related responses. Therefore, immune-modulatory effects of
scGOS/lcFOS and other oligosaccharides need to be analyzed in humans. Enhancing
systemic Th1 dependent adaptive immune responses would lead in theory to better
immune responses against infections and prevention and/or inhibition of excessive Th2
responses, which occur for instance in allergies. Whether dietary scGOS/lcFOS prevents
and/or inhibits infections and allergies in humans is currently being investigated in
clinical studies.
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Abstract
Immune-modulatory effects of oligosaccharide preparations that resemble chemical
and functional aspects of human milk oligosaccharides (HMOS) were studied for the
development of new concepts in infant nutrition. A dose range of 1-5% (w/w) dietary
pectin-derived acidic oligosaccharides (pAOS) was tested in a murine influenza
vaccination model. In addition, combinations of pAOS and a 9:1 mixture of short-chain
galactooligosaccharides and long-chain fructooligosaccharides (scGOS/lcFOS;
Immunofortis) were tested at a fixed total dietary dose of 2% (w/w).
It was found that pAOS significantly enhanced vaccine-specific delayed-type
hypersensitivity (DTH) responses in a dose-dependent manner. This was accompanied
by a reduction in T-helper2 (Th2) cytokine production by splenocytes in vitro. Overall,
this indicates that the systemic immune response to the vaccine was Th1-skewed by the
dietary intervention. Combinations of scGOS/lcFOS and pAOS were more effective in
enhancing DTH responses than either of the oligosaccharides alone, suggesting
interaction effects between these agents. Similar to effects in infants, supplementation
of the murine diets with scGOS/lcFOS and combinations of scGOS/lcFOS and pAOS for
six weeks enhanced the proportion of fecal bifidobacteria and lactobacilli, but pAOS
alone did not.
In conclusion, these data indicate that scGOS/lcFOS and pAOS enhance systemic Th1dependent immune responses in a murine vaccination model. As Th1-responses are
weak in early life in humans, this might suggest that application of these
oligosaccharides in infant formulas will be beneficial for the development of the
infant’s immune system.

Introduction
Human milk provides an infant with more than just nutritional value. Among other
functions, it also provides immunological protection through constituents such as
antibodies, complement, lysozyme, lactoferrin and maternal leukocytes (1). Human
milk oligosaccharides (HMOS) have been shown to stimulate specific intestinal
microbiota (2), to block pathogen adhesion sites in the gut and/or to act as soluble
pathogen receptor analogs (3-6). This provides the infant with a non-specific mode of
protection against invading pathogens in the gastrointestinal tract. Recently, Eiwegger
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et al. (7) have shown that HMOS, in particular the acidic fraction, affects the expression
of T cell activation markers as well as cytokine production in cord blood cells in vitro.
These findings suggest a direct immune-modulatory effect of HMOS and might
implicate an additional mechanism of immunological protection provided by human
milk.
For situations in which breast-feeding is not possible, infant nutrition should provide
the best alternative care. Human milk contains a mixture of neutral and acidic
oligosaccharides that features a complex structural diversity (8). As this diversity of
complex structures is not available, a functional analogue was developed for infant
nutrition. In a first step, a mixture of neutral short-chain galactooligosaccharides
(scGOS) and long-chain fructooligosaccharides (lcFOS) in a 9:1 ratio (scGOS/lcFOS;
Immunofortis) was designed to resemble the molecular size distribution and functional
aspects of the neutral fraction of HMOS (9-11). Recently, this concept has been
extended by the addition of acidic oligosaccharides derived from pectin (pAOS), to
mimic the balance between neutral and acidic HMOS (12). Similar to the described antiadhesive properties of HMOS (3-5), Kastner et al. (13) have shown inhibitory effects in
vitro of acidic, galacturonic acid containing oligosaccharides from carrot soup on the
adhesion of various pathogens to Hep-2 cells and human intestinal mucosa.
In previous experiments (chapter 3), stimulatory effects of scGOS/lcFOS were shown on
systemic immune responses in a murine vaccination model. This information,
combined with the reported in vitro immune-modulatory effects of acidic HMOS (7),
has led us to hypothesize that pAOS could induce immune-modulatory effects in vivo.
This hypothesis was tested in a murine vaccination model, using galacturonic acid
containing pAOS characterized by a degree of methyl esterification of >40% and an
amount of 4,5-unsaturated galacturonic acid at the non-reducing terminus of >35%.
Additionally, pAOS were applied in combination with scGOS/lcFOS, to test for
potential interaction of the respective immune-modulatory effects. In vivo and ex vivo
immunological parameters were analyzed, as well as effects on the intestinal
microbiota by measuring the percentage of fecal bifidobacteria and lactobacilli relative
to the total bacterial counts.

Materials and Methods
Mice
Female, 6-week-old C57Bl/6JOlaHsd mice were obtained from Harlan (Horst, The
Netherlands) and kept under normal conditions, with a 12-h dark and light cycle and
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access to food and water ad libitum. All experiments were approved by an independent
animal experiments committee (DEC Consult, Bilthoven, The Netherlands).

Diets
All animals received semi-purified AIN-93G-based diets (Research Diet Services, Wijk
bij Duurstede, The Netherlands). All supplemented oligosaccharide products were
exchanged for the same amount of total carbohydrates. This approach resulted in a
comparable overall carbohydrate composition in different diets, to ensure that the gut
flora was minimally influenced by differences between control and test diets in
parameters such as gut passage time and fluid retention. The oligosaccharides were
mixed into the AIN-93G diet and pressed into pellets. Deviations from the AIN-93G
specification are specified in Table 1 for all supplemented diets. pAOS are produced
from pectin (Südzucker AG, Mannheim, Germany), with a degree of polymerization
(dp) of 1-20. It consists of approximately 75% galacturonic acid oligomers, 10 %
monomers and 15% of moisture and ash. scGOS/lcFOS is a spray-dried powder of
scGOS (Vivinal GOS, Borculo Domo, Zwolle, The Netherlands; mainly dp 2-6) and
lcFOS with a high degree of polymerization (Raftiline HP, Orafti, Wijchen, The
Netherlands; dp >10) in a 9:1 ratio. Maltodextrin was used as carrier for the spraydrying process. scGOS/lcFOS consists of approximately 51% scGOS and lcFOS
oligosaccharides, 19% maltodextrin, 16% lactose, and 14 % glucose.

Table 1. Composition of the diets

Ingredients (g/kg)

Control diets
(AIN93G)

pAOS dose-response diets
1%

2.5%

5%

Diets containing 2%
oligosaccharide
preparations

Cornstarch

397.5

391.6

382.9

368.2

385.8

Dextrinized cornstarch

132.0

130.1

127.1

122.3

128.1

Sucrose

100.0

98.5

96.3

92.6

97.1

Cellulose

50.0

49.3

48.2

46.3

48.5

10 a

25 a

50 a

20 b

Added carbohydrates
a

b

pAOS; scGOS/lcFOS, pAOS or a combination of both; see text for details on the added carbohydrates
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Vaccination protocol and DTH response
The vaccination protocol has been described previously (chapter 3), and was shown to
induce sub-maximal immune responses that allow the detection of stimulatory as well
as inhibitory immune-modulatory effects. In short, the mice received primary and
booster vaccinations, consisting of a subcutaneous (sc) injection of a 1:1 mix of vaccine
solution (100x diluted Influvac 2002/2003 in PBS, Solvay Pharmaceuticals, Weesp, The
Netherlands) and adjuvant (Stimune; Cedi-diagnostics, Lelystad, The Netherlands).
Sham vaccination groups received injections of a 1:1 mix of PBS and adjuvant. Booster
vaccinations were given 21 days after the primary vaccination. Delayed-type
hypersensitivity responses (DTH) reactions were induced 9 days after booster
vaccination, by sc injection of 25 μL Influvac into the ear pinnae of both ears. Ear
thickness was measured in duplicate before antigen challenge, as well as 24 hours
afterwards, with a digital micrometer (Mitutoyo Digimatic 293561, Veenendaal, The
Netherlands). The DTH response was calculated by subtracting the basal ear thickness
from the value at 24 h after challenge. The experiments ended 10 days after booster
vaccination.

Dietary intervention experiments
A dose-response experiment with pAOS supplementation was performed (experiment
1), using doses of 1%, 2.5% and 5% (w/w) in the diets (n=10 in all groups). In addition, a
combination experiment was carried out by using scGOS/lcFOS, pAOS and
combinations thereof (experiment 2). All test groups in experiment 2 featured a total
supplementation dose of 2% (w/w) of the oligosaccharide preparations; (I) 2%
scGOS/lcFOS (n=10), (II) 2% pAOS (n=10), (III) 1% scGOS/lcFOS + 1% pAOS (n=8) and
(IV) 1.8% scGOS/lcFOS + 0.2% pAOS (n=10) were tested. Expressed as the net
oligosaccharide ratios between the scGOS/lcFOS and pAOS oligosaccharides, group III
contains scGOS/lcFOS:pAOS in a 2:3 mix and group IV contains scGOS/lcFOS:pAOS in
a 6:1 mix, because of the differences in specific oligosaccharide content of the different
oligosaccharide preparations.
All mice were given control AIN-93G diets upon arrival at the animal facility for a
minimum of 5 days. The dietary interventions in supplementation groups started 14
days before the primary vaccination and lasted until the last day of the experiment, 31
days after the primary vaccination. In both experiments, a control group was included
(n=10) that was vaccinated normally and received the control diet (unsupplemented
AIN-93G). Sham vaccination groups (n=3) were also included in both experiments.
These groups were not used for statistical calculations or comparisons, but served
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solely to demonstrate the specificity of vaccine-induced responses.

Splenocyte proliferation assay
Splenocytes were isolated by gently pressing spleen tissue through nylon mesh filters
(Falcon cell strainer; Becton Dickinson, Alphen a/d Rijn, the Netherlands). After
erythrocyte lysis using an ammonium-chloride buffer, cells were counted and diluted
to the appropriate concentrations. Cultures were stimulated with Influvac vaccine at a
predetermined optimal concentration, and proliferation was measured by tritiated
thymidine incorporation. In short, 1*106 cells were distributed in 96-well plates in
triplicate in RMPI-1640 medium (Invitrogen, Merelbeke, Belgium) supplemented with
10% fetal calf serum (FCS), 100 U/ml penicillin and 100 µg/mL streptomycin. Cells were
stimulated with control medium or with 0.1 μg/mL Influvac vaccine solution. After
four days of culture, 0.4 μCi/well tritiated thymidine was added, and 24 hours later
cells were harvested (Filtermate, Perkin Elmer) and counted in a scintillation counter
(Wallac Microbeta, Perkin Elmer). Data are presented as the difference in counts per
minute (cpm) between control medium and Influvac-stimulated wells.
Splenocytes that were not used for initiating cell cultures were kept on ice and taken up
in RPMI-1640 medium with 25% FCS and 12.5% DMSO at 1*10 7 cells/ml. Cell
suspensions were dispensed in cryovials (Greiner, Alphen aan de Rijn, The
Netherlands), which were placed in cryocontainers (Nalgene, Omnilabo, Breda, The
Netherlands) and stored overnight at –80 0C. Samples were stored in liquid nitrogen
until further analysis.

Ex vivo cytokine production assay
Splenocytes cultures were set up for the measurement of ex vivo cytokine production, in
parallel with the cultures for proliferation (described above), using the identical
procedure. Supernatants were harvested after 5 days of culture and stored at –80 0C
until further analysis. The cytokines interferon (IFN) γ, interleukin (IL) 2, IL-4, IL-5 and
IL-10 were measured by using a multiplex bead array according to the manufacturer’s
instructions (x-plex reagents, BioRad, Veenendaal, The Netherlands) on a Bio-Plex
workstation (Bio-Rad). Results are shown as the difference in cytokine concentrations
between stimulated and unstimulated wells, with the exception of the IL-4 values, as all
unstimulated wells showed IL-4 levels that were below the detection limit. The value of
the detection limit was used in the calculation of group statistics in the case of
undetectable cytokine concentrations.
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Flow cytometric analysis of splenocyte populations
For flow cytometric analysis, splenocyte suspensions were thawed, washed and taken
up in cold PBS with 1% FCS. Cells were incubated with fluorescently labeled antibodies
for 30 min on ice. After washing, cells were analyzed on an Epics XL flow cytometer
(Beckman Coulter, Mijdrecht, The Netherlands). Propidium iodide staining and
forward- and side-scatter profile was used to identify intact living cells. The following
monoclonal rat-anti mouse antibodies were used: CD3-FITC (Cat. Nr. IM2768), CD8-PE
(Cat. Nr. IM2780), CD19-FITC (Cat. Nr. IM3233), CD25-PE (Cat. Nr. IM 2795), NK1.1PE (Cat. Nr. IM2904; all from Beckman Coulter) and CD4-PE-CY5 (Cat. Nr. 553654,
Becton Dickinson).

Fecal and colon content sample isolation
In experiment 2, fecal samples were collected from the cages from a 12-h period at the
end of study and were stored at –20 oC. Samples of the colon content were isolated
directly after the animals were sacrificed and stored at –20 oC.

Quantitative real time PCR of the genus Bifidobacterium and Lactobacillus
For the relative quantification of the genera Bifidobacterium and Lactobacillus in relation
to the total bacterial load, a duplex 5’ nuclease quantitative real-time PCR (qPCR) assay
was used as previously published (14, 15).
Briefly, thawed samples were pooled per experimental group (using a fixed weight of
sample per animal) and 10x diluted in saline (w/v). Different primers and probes for
the genus Bifidobacterium or Lactobacillus in combination with primers and probes for
the total bacterial load (16) were used in a temperature profile consisting of 2 min at
50 C, 10 min at 95 C, followed by 45 cycles of 15 s at 95 C and 60 C for 1 min, run on
ABI Prism 7700 PCR equipment (Applied Biosystems, Nieuwerkerk a/d IJssel, The
Netherlands).
Thereafter, the relative amounts of the genus Bifidobacterium or Lactobacillus in the
samples were calculated with respect to the total bacterial load according to Liu et al.
(17), and expressed in percentages. All samples were measured in triplicate.

Statistical methods
Statistical calculations were performed in SPSS version 12.0.1 (SPSS inc., Chicago, IL,
USA); regression analysis and graph plotting was performed in Graphpad Prism 4.03
software (San Diego, CA, USA). Dose-response relationships in experiment 1 were
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analyzed using linear regression, testing the slopes of the regression lines for a
deviation from zero. Statistical differences between groups in experiment 2 were
analyzed by ANOVA and post hoc Bonferroni’s test. Differences in microbiological
parameters at different time points were analyzed by using Student’s T-test, using
Bonferroni-adapted p-values to correct for multiple comparisons. p-values <0.05 were
considered to be statistically significant.

Results
Experiment 1
pAOS supplementation at 1-5% in the diet was well tolerated by the mice; no adverse
effects were noted during the experiment. Feed uptake and body weights were slightly
higher in pAOS supplemented mice compared with control mice (Table 2). Regression
analysis showed a significant dose-response relationship for both parameters.
Mice that received pAOS supplementation showed significantly enhanced, dosedependent DTH responses after vaccination in comparison with control mice (Fig. 1a).
Background responses after antigen challenge were low in the sham group (4.8 ± 8.2
Table 2. Animal weights and feed intake
Animal weight at the
end of the experiment
Experiment

Group

Weekly feed intake per
animal

Mean

SEM

Mean

SEM

Control

19.67

0.25

16.99

0.70

pAOS dose-response

1%

21.50

0.43

17.90

0.48

experimenta

2.5%

20.70

0.56

17.66

5%

22.36

0.43

18.41

0.67

Control

19.67

0.36

16.34

0.40

scGOS/lcFOS

20.05

0.35

16.58

0.42

pAOS

19.89

0.28

17.05

0.49

1:1

19.43

0.31

16.95

0.41

1.8:0.2

20.48

0.43

17.81

0.49

Combination
experiment

b

*

*

0.72

Animals were weighed weekly; data are shown from the last measurement. Feed intake was
measured weekly per animal cage; the data are shown as the mean intake per animal per week.
a Data were analyzed by linear regression analysis; * indicates a significant dose-response
relationship (p <0.05). bData were analyzed by ANOVA; no significant differences were
observed.
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Figure 1. Dietary pAOS affect parameters of immune function in vivo and ex vivo. Supplementation doses of
1-5% pAOS were tested in a murine vaccination model as indicated on the x-axes. (a) At the end of the
experiment, in vivo vaccine-specific DTH responses were analyzed by measuring ear swelling 24 h after antigen
injection. (b-g) Splenocytes were isolated and cultured in vitro. After 5 days of antigen-specific stimulation, IFNγ (b), IL-2 (c), IL-4 (d), IL-5 (e) and IL-10 (f) concentrations were measured in culture supernatants, the IL-4/IFN-γ
ratio in culture supernatants was calculated per animal and averaged per experimental group (g) and T cell
proliferation was measured using 3H-thymidine incorporation (h). Data are represented as group means and
error bars indicate SEM.
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µm; mean ± SEM) compared with the control group (88.7 ± 7.3 µm), demonstrating that
the responses were vaccination-dependent secondary responses. DTH responses were
40.1% higher in the group that received the highest pAOS supplementation dose (124.3
± 5.5 µm) than in control animals.
In addition, ex vivo cytokine production and proliferation by vaccine-stimulated
splenocyte cultures were affected by dietary intervention with pAOS (Fig. 1b-h). No
significant effects were observed on the production of Th1-type cytokines; IFN-γ
production showed a decreasing trend and IL-2 production was elevated in the 1%
dose-group but not in other dose-groups, showing no clear dose-effect relationship.
pAOS supplementation decreased the production of Th2-type cytokines significantly in
a dose-dependent manner. IL-4 and IL-5 production were significantly reduced; the
effect was most pronounced on IL-4 production, ranging from 320.9 ± 43.8 pg/ml in the
control group to 105.2 ± 25.1 pg/ml in the highest dose group. The production of IL-10,
a cytokine produced by Th2 cells as well as other cell types, was also dose dependently
reduced. To further analyze the Th1/Th2 balance, the ratio of IL-4 and IFN-γ
production was calculated per animal and averaged per experimental group. Fig. 1g
shows that the IL-4/IFN-γ ratio decreased dose-dependently with pAOS
supplementation. In parallel to Th2-type cytokine production, antigen-specific
proliferation was dose-dependently decreased as well (Fig. 1h).

Experiment 2
Supplementation with combinations of pAOS and scGOS/lcFOS strongly enhanced
vaccine-specific DTH responses compared with control-fed animals; 1% scGOS/lcFOS +
1% pAOS (group III) showed a response of 201 ± 11 µm, compared with 95 ± 9 µm in
control animals. As in experiment 1, background responses were low in the sham
group (6.8 ± 3.9 µm). Animals in group III exhibited significantly higher DTH responses
than animals that received either scGOS/lcFOS or pAOS (groups I and II). In addition, a
combination of scGOS/lcFOS with a small amount of pAOS in group IV (net
scGOS/lcFOS:pAOS ratio 6:1) resulted in significantly higher DTH responses than
supplementation with only scGOS/lcFOS in group I (Fig. 2a). There were no differences
in feed uptake or animal weight in experiment 2 (Table 2).
Ex vivo proliferation responses in the control group from experiment 2 (5025 ± 823 cpm)
were similar to those in experiment 1 (5302 ± 430 cpm). IL-4 production in the control
group of experiment 2 was low (38 ± 22 pg/ml) and IFN-γ production was high (847 ±
396 pg/ml) compared with experiment 1. The intra-group variation in cytokine
concentrations was high in experiment 2, and proliferation responses or cytokine
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Figure 2. The effects of combinations dietary of scGOS/lcFOS, pAOS and combinations thereof on DTH
responses and the intestinal microflora. Dietary supplementation of (I) 2% (w/w) scGOS/lcFOS, (II) 2% pAOS,
(III) 1% scGOS/lcFOS + 1% pAOS and (IV) 1.8% scGOS/lcFOS + 0.2 % pAOS (IV) was tested versus control diet
(Control) in a murine vaccination model, as indicated on the x-axis or in the legend. (a) At the end of the
experiment, in vivo DTH responses were analyzed by measuring ear swelling 24 h after antigen injection.
Statistical differences between groups are indicated in the graph. Groups that do not share an indicator are
different at p < 0.05. (b) Splenocyte populations from the control group and group III were analyzed by flow
cytometry. The data is presented as the percentage of total living splenocytes. (c, d) Bifidobacteria (c) and
lactobacilli (d) were measured in fecal samples as a proportion of the total bacterial load. The fecal samples
were pooled per group and measured in triplicate. Samples were collected after 2 wk of supplementation (white
bars) and after 6 wk of supplementation (black bars). * Indicates p <0.05 compared with the control group. #
Indicates p <0.05 between values at 2 and 6 wk of supplementation within a dietary group. Data in all graphs
represent group means and error bars indicate SEM.

production did not differ significantly between experimental groups (data not shown).
To investigate whether the difference in DTH responsiveness between both groups was
related to changes in systemic lymphocyte populations, splenocytes from control and
group III animals from experiment 2 were analyzed by flow cytometry (Fig. 2b). T cell
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CD4+ and CD8+ subsets were measured, including analysis of CD4+CD25+ activated or
regulatory T cells. T cell subsets did not differ significantly between control and group
III animals. In addition, CD19+ B-cell and NK1.1+ natural killer cell populations did not
differ significantly between the groups.
Freshly collected fecal samples from experiment 2 were analyzed from two time points;
after 2 wk and after 6 wk of supplementation. The analyses of the relative amount of
bifidobacteria and lactobacilli are shown in Fig. 2c and 2d, respectively. Exposure to
pAOS as a single agent (group II) did not induce changes compared with control
animals, whereas scGOS/lcFOS supplementation (group I) resulted in a significantly
elevated percentage of bifidobacteria. Combinations of pAOS and scGOS/lcFOS
resulted in significant relative increases in bifidobacteria as well as lactobacilli in
groups III and IV. All supplemented groups, except group II, showed significantly
elevated percentages of both bifidobacteria and lactobacilli in the samples taken after 6
wk, compared with the samples taken after 2 wk.

Discussion
The immune system at birth is not yet fully matured. Th1 responses are weak shortly
after birth and tend to increase progressively with age, causing immune responses in
early life to be polarized towards Th2 responses in mice and man (reviewed in 18). In
addition to the well-known role that breast milk plays in providing passive protection
via immunoglobulins and other factors, Pabst has hypothesized (19) that breast milk
also plays an active role in the development of the infant’s immune system. Pabst et al.
(20) also provided some evidence of more effective Th1 responses in infants that had
received breast milk, compared with infants that had received infant nutrition. In
support of this view, there are multiple reports in literature showing lower incidences
of infections (21-23) and atopy-related disorders (24-26) in breast-fed children
compared with formula-fed children. These immunological effects could potentially be
mediated by a myriad of factors in breast milk, precluding the incorporation of all
relevant ingredients in an infant nutrition. A practical approach is to mimic breast milk
functionally, by including ingredients that support the development of Th1 responses,
for use in situations when breast-feeding is not possible.
In our murine model, pAOS induced a dose-dependent increase in DTH response after
vaccination, a Th1-dependent in vivo parameter. Additionally, in vitro production of
Th2 but not Th1-related cytokines was decreased dose-dependently. Overall, the in vivo
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and in vitro data indicate that dietary intervention with pAOS causes a shift in the
Th1/Th2 balance in a murine systemic immune response towards Th1. The observed
decrease in antigen specific proliferation might be related to the decreased IL-4
production, which is a factor that can strongly promote T cell division (27). pAOS
containing diets increased feed uptake and animal weight dose-dependently for
unknown reasons. Although it cannot be ruled out that this might have played a role in
the immunological effects that were observed, this is not likely, as the second
experiment showed significant immunological effects between groups without
differences in animal weight or feed uptake.
The oligosaccharide concept for application in infant nutrition features a combination
of scGOS/lcFOS and pAOS (12). Because it was shown in previous work that
scGOS/lcFOS enhanced vaccine-specific DTH responses (chapter 3), combinations of
scGOS/lcFOS and pAOS were also tested in this study using a fixed total
supplementation dose in all groups. A combination of 1% scGOS/lcFOS and 1% pAOS
resulted in higher DTH responses than either single preparation at a 2% dose. In
addition, a combination of 1.8% scGOS/lcFOS and 0.2% pAOS resulted in significantly
increased DTH responses compared with 2% scGOS/lcFOS, while 0.2% pAOS alone is
not expected to affect the DTH response significantly based on an interpolation of Fig.
1d. Overall, combinations of scGOS/lcFOS and pAOS resulted in unexpected higher
DTH responses than either of the single preparations, suggesting a synergistic
interaction.
In contrast to experiment 1, there were no significant effects on cytokine production or
cell proliferation in experiment 2, which might be due to the relatively low levels of
pAOS in experiment 2. This might indicate differential effects of the oligosaccharide
preparations on DTH responses and ex vivo cytokine production. On the other hand, it
is also possible that effects on cytokine productions were masked by the high intragroup variation in experiment 2.
The mechanism of action of dietary oligosaccharides in causing enhanced DTH
responses is not yet clear. Mucosal and systemic Th1-stimulating effects of dietary
oligosaccharides were recently published by Mizubuchi et al. (28), using a very high
dose (20% w/w) of isomaltooligosaccharides. Parallel effects of these oligosaccharides
were observed on microbiota and immunological parameters. However, direct effects
were also shown on cytokine production in a macrophage-like cell line, indicating that
multiple mechanisms might play a causal role in the immune-modulatory effects.
Eiwegger et al. (7) described that the acidic fraction of HMOS enhanced the expression
of CD25 on CD4+ T cells, an activation marker that is also expressed constitutively on
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regulatory T cells. This prompted us to conduct a flow cytometric analysis of
splenocyte populations in animals from the control group and group III. There were no
differences between the groups for any of the analyzed T cell populations including
CD4+CD25+ cells, or in B- and NK-cell populations, suggesting that the observed
immune-modulatory effects were not caused by phenotypic changes in major systemic
lymphocyte or NK-cell populations.
In clinical studies, the inclusion of scGOS/lcFOS into infant nutrition resulted in a
significant increase in the number of bifidobacteria and lactobacilli in stool samples
compared with standard infant nutrition (9, 29, 30). pAOS in infant nutrition did not
affect these parameters, but a combination of scGOS/lcFOS and pAOS increased fecal
bifidobacteria and lactobacilli as well (12). In the current study, pAOS supplementation
did not affect parameters of the fecal microbiota, but scGOS/lcFOS and combinations of
scGOS/lcFOS and pAOS did. Despite the differences in gut physiology between mice
and man, these results indicate that the prebiotic effects of oligosaccharides in current
murine model system are similar to the human situation.
pAOS supplementation alone enhanced DTH responsiveness, but did not affect the
proportions of bifidobacteria and lactobacilli in experiment 2, leaving the possibility
open that the immune-modulatory effect of dietary pAOS is not causally related to
changes in the microbiota. On the other hand, pAOS might have caused changes in
certain microbiota parameters that were causally related to the immune-modulatory
effects but were not measured. Either way, the observed differences in the effects of
scGOS/lcFOS and pAOS on the levels of bifidobacteria and lactobacilli indicate
differences in the working mechanisms of the oligosaccharides, which might explain
the observed results in the groups receiving combinations of scGOS/lcFOS and pAOS
on the DTH responses.
In conclusion, the data presented here show that pAOS supplementation induces Th1skewing effects and stimulatory effects on vaccine-specific DTH responses in a murine
model. The data suggest interaction effects between scGOS/lcFOS and pAOS with
respect to DTH responses, in parallel to differential effects of the oligosaccharide
preparations on the microbiota. Optimal Th1-dependent DTH responses were observed
by using combinations of scGOS/lcFOS and pAOS, indicating that this concept holds
promise for application in an infant nutrition, with the aim to mimic breast milk as
close as possible in composition and function. Clinical trials will need to be performed
to determine the efficacy of this concept in infants, for use in situations when breastfeeding is not possible.
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Abstract
It is commonly hypothesized that immune modulatory effects of prebiotic agents are
caused by changes in the composition of the intestinal microbiota, where prebiotics
stimulate the growth of beneficial bacteria such as bifidobacteria and lactobacilli. Under
this hypothesis, a correlation between these bacteria and the immune modulatory
effects would be expected. This was investigated using dietary supplementation with a
specific
mixture
of
short-chain
galactooligosaccharides
and
long-chain
fructooligosaccharides in a 9:1 ratio (Immunofortis), in combination with pectinderived acidic oligosaccharides, in a murine vaccination model. An experiment was
included in which the timing of supplementation was varied relative to the vaccination
scheme, to find the most relevant time point to analyze the potential correlation.
By varying the timing of prebiotic supplementation around two vaccinations at day 0
and 21, it was shown that supplementation was necessary before the first vaccination,
but not after day 8, to increase delayed-type hypersensitivity responses (DTH)
significantly at day 30. This suggested that the immune modulatory effect occurred
during the priming phase of the response. Therefore, the correlation between
microbiota-related parameters and DTH responses was analyzed shortly after the
primary vaccination, using a shortened vaccination protocol. Multiple regression
analysis showed that the percentages of lactobacilli in the cecum were significantly
correlated to the DTH responses, although the correlation was not strong. Furthermore,
the results of the analysis suggested that other factors played a role as well. Therefore,
additional research is necessary to unravel further details of the immune modulatory
mechanisms of prebiotic oligosaccharides.

Introduction
It was recently shown that specific mixtures of prebiotic oligosaccharides induce
immune-modulatory effects in several murine models. Enhanced T-helper 1 (Th1)related delayed-type hypersensitivity (DTH) responses were observed repeatedly in a
C57BL/6 influenza vaccination model (chapters 3 and 4). In addition, decreased
parameters of airway hyperresponsiveness and inflammation were observed in a
model of experimentally induced allergic asthma in Balb/c mice (chapter 8). The
oligosaccharide mixtures that were used consisted of short-chain galacto-
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oligosaccharides (scGOS) and long-chain fructooligosaccharides (lcFOS) in a 9:1 ratio
(Immunofortis), alone or in combination with partly unsaturated and methylated
pectin-derived acidic oligosaccharides (pAOS).
Prebiotic effects of these oligosaccharide mixtures were shown in human infants. The
proportions of bifidobacteria and lactobacilli were increased in infants that received a
supplemented formula, compared to a control formula. As a result, the composition of
the microbiota in the oligosaccharide-fed infants was more similar to the bifidobacteriadominated microbiota in breast-fed infants (1-3). We have observed similar effects of
these mixtures on the microbiota in murine models. Therefore, a likely cause of the
observed immune modulation was a change in the interaction between the microbiota
and the immune system, caused by the prebiotic intervention. However, when several
different oligosaccharides were tested in a murine vaccination model, some
oligosaccharide preparations induced prebiotic effects without measurable effects on
the DTH responses and vice versa (chapters 3 and 4).
These results raised questions about the mechanisms underlying the immunemodulatory effects and the role of the microbiota. Under the common assumption that
oligosaccharide-induced immune modulation is mediated via changes in the
microbiota, a correlation is expected to occur between microbiota and immunological
parameters. The aim of the present study was to investigate this potential correlation,
in order to find evidence for the role of the microbiota in oligosaccharide-induced
immune modulation. In a first experiment, the timing of oligosaccharide
supplementation was varied in a vaccination experiment, to identify the phase of the
immune response at which the modulatory effect occurred. Because the
oligosaccharides apparently modulated the immune response during the priming
phase, the correlation analysis was performed in a shortened vaccination experiment.

Materials and methods
Mice
Female, 6 week-old C57Bl/6JOlaHsd mice were obtained from Harlan (Horst, The
Netherlands) and kept under normal conditions, with a 12 h dark and light cycle and
access to food and water ad libitum. The animals received control AIN-93G diets and
routine care for a minimum of 5 days upon arrival in the animal facility, before the start
of the experiments. All experiments were approved by an independent animal
experiments committee (DEC Consult, Bilthoven, The Netherlands).
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Diets
All animals received semi-purified AIN-93G-based diets (Research Diet Services, Wijk
bij Duurstede, The Netherlands). The supplemented and control diets were described
previously (chapter 4). In short, 0.9% (w/w) net scGOS/lcFOS in a 9:1 ratio
(Immunofortis)and 0.15% (w/w) net pAOS were added to the test diet. The amount of
added carbohydrates in the test diet was exchanged for the same amount of total
carbohydrates in the control diet. The oligosaccharides were mixed into the AIN-93G
diet and pressed into pellets. pAOS were derived from pectin (kindly donated by
Südzucker AG, Mannheim, Germany). scGOS/lcFOS was used as a spray-dried powder
of scGOS (Vivinal GOS, Borculo Domo, Zwolle, The Netherlands) and lcFOS with a
high degree of polymerization (Raftiline HP, Orafti, Wijchen, The Netherlands) in a 9:1
ratio. Maltodextrin, glucose and lactose were present as carrier materials in the
scGOS/lcFOS powder. These carbohydrates were also exchanged for total
carbohydrates in the control diet and were previously shown not to affect vaccination
responses (chapter 3).

Vaccination protocol and DTH response
The vaccination protocol that was used in this study has been described previously
(chapter 3). This protocol was shown to induce sub-maximal immune responses that
allow the detection of stimulatory as well as inhibitory immune-modulatory effects. In
a first experiment, the mice received primary and booster vaccinations, consisting of a
subcutaneous (sc) injection of a 1:1 mix of vaccine solution (100x diluted Influvac
2002/2003 in PBS, Solvay Pharmaceuticals, Weesp, The Netherlands) and adjuvant
(Stimune, Cedi-diagnostics, Lelystad, The Netherlands). Sham vaccination groups
received injections of a 1:1 mix of PBS and adjuvant, to show the specificity of the
vaccination response (n=3; all other groups n=10). Primary and booster vaccinations
were given at days 0 and 21. Delayed-type hypersensitivity responses (DTH) reactions
were induced at day 29 by sc injection of 25 μL Influvac into the ear pinnae of both
ears. Ear thickness was measured in duplicate before antigen challenge, as well as 24
hours afterwards (day 30), with a digital micrometer (Mitutoyo Digimatic 293561,
Veenendaal, The Netherlands). The DTH response was calculated by subtracting the
basal ear thickness from the value at 24 hours after challenge.
In a second experiment, the booster vaccination was omitted to reduce the length of the
protocol: the DTH response was initiated 8 days after the primary vaccination and was
measured at day 9. In addition, two antigen concentrations were used (10x and 100x
diluted Influvac 2002/2003 in PBS) to test this shortened vaccination scheme and make
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sure that the DTH responses were detectible at day 9.

Dietary intervention
The timing of the dietary intervention was varied in the first experiment. The control
group received the control diet from day -14 to 30. Five supplementation groups
received the supplemented diet for different lengths of time during the vaccination
protocol: day -14 to 30 (A), day 0 to 30 (B), day 21 to 30 (C), day 29 to 30 (D) and day -14
to 8 (E; no supplementation from day 9 to 30) (see also Fig. 1a). This experiment was
performed in two cohorts. In the first cohort, sham and control groups were compared
with groups A, B, C and D. In the second cohort, sham and control groups were
compared with groups A and E. The sham group, control group and group A were
measured in both cohorts, leading to a pooled sham group of n=6, control group of
n=20 and group A of n=20 animals. All other groups consisted of n=10 animals.
Dietary intervention with the supplemented diet lasted from day -14 to 9 in the second
experiment. Separate control and test groups were included for the two antigen
concentrations that were tested.

Quantitative real-time PCR of the genus Bifidobacterium and Lactobacillus
For the relative quantification of the genera Bifidobacterium and Lactobacillus in relation
to the total bacterial load, a duplex 5’ nuclease quantitative real-time PCR (qPCR) assay
was used as previously published (4, 5). The relative amounts of the genus
Bifidobacterium or Lactobacillus in the samples were calculated with respect to the total
bacterial load according to Liu et al. (6), and expressed in percentages. All samples were
measured in triplicate.

Statistics
Statistical calculations were performed in SPSS version 15 (SPSS Inc, Chicago, IL, USA),
graph plotting was performed in SPSS and Graphpad Prism 4.03 software (Graphpad
Software Inc, San Diego, CA, USA). Differences between one control group and
multiple test groups were analyzed using ANOVA with post-hoc Dunnett’s test. More
elaborate comparisons between groups were analyzed using ANOVA with post-hoc
Bonferroni’s test. The correlation between parameters of the microbiota and DTH
values were analyzed by multiple regression analysis. The significance of adding
parameters to the regression model was evaluated by the resulting change in the Fstatistic. In the first experiment, the DTH data from both cohorts were calculated
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relative to the mean of the control groups and were pooled subsequently. The same
analyses were performed as well for both cohorts separately using the unpooled data,
yielding the same statistical conclusions (data not shown). All microbiota parameters
were transformed logarithmically before statistical analysis, in order to normalize the
data distribution and linearize the relation with DTH responses. For all analyses, pvalues <0.05 were considered to be statistically significant. Data is represented in this
paper as mean ± SEM; error bars in graphs represent SEM.

Results
Similar to previous experiments, continuous supplementation from day –14 to 30 with
the test diet (group A) increased vaccine-specific DTH responses significantly
compared to control mice (157.8 ± 6.0 % vs. 100.0 ± 4.1 %; p<0.001; Figure 1b). In
contrast, no significant effect was observed when supplementation started at later time
points (groups B-D), although group B showed a trend (123.2 ± 6.7 %; p=0.06).
However, when the supplementation diet was given from day –14 to 8 (group E), the
DTH response at day 30 was similar to group A (151.6 ± 9.1; p<0.001 compared to
controls). No increase in ear thickness was observed in the sham group.
The percentages of bifidobacteria and lactobacilli were measured in colon samples in
individual mice at the end of the first experiment (Figure 1c-e). The intra-group
variation was high for both parameters. Overall, a trend of higher percentages of
bifidobacteria and lactobacilli with longer supplementation was observed. The
percentage of lactobacilli was significantly increased in groups A and C compared to
the control group (5.6 ± 1.1 % and 4.8 ± 1.0 % vs. 1.3 ± 0.4 %; p=0.003 and p=0.004,
respectively). Group B showed lower percentages of lactobacilli than groups A and C,
but a higher percentage of bifidobacteria. When the percentages of bifidobacteria and
lactobacilli were added, this resulted in a gradual effect of the length of
supplementation on the total percentage of both bacterial genera; groups A and B both
had significantly higher percentages than the control mice (14.7 ± 3.1 and 13.3 ± 4.3 vs.
4.1 ± 1.2; p=0.003 and p=0.02, respectively).
The results from the first experiment indicated that the prebiotic effects on the
microbiota at the end of the experiment were not necessarily linked to the immune
stimulatory effect on the DTH response, particularly in group E. Because the results
suggested that the immune-modulatory effect of the specific oligosaccharide mixture
occurred around the priming phase of the immune response, it was decided to shorten

122

Immune-modulatory oligosaccharides: mechanism-related observations in vivo

a

b
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d

e
Figure 1. Effects of variation in the timing of dietary supplementation on vaccine-specific DTH responses
and microbiota parameters. (a) The timing of the dietary intervention in the different experimental groups is
schematically depicted. Primary and booster vaccinations were administered at days 0 and 21, respectively. (b)
Vaccine-specific DTH responses were measured at day 30. The experiment was performed in two cohorts,
therefore the DTH results are shown relative to the control group. Bars represent group averages ± SEM. The
percentages of bifidobacteria (c) and lactobacilli (d) were measured in colon samples, relative to the number of
total bacteria. The total percentage of ‘beneficial bacteria’ is shown as the sum of the percentages of
bifidobacteria and lactobacilli (e). Box-and-whisker plots show the data distribution (median, interquartile
range and extremes); microbiota-related data were transformed logarithmically before analysis to normalize
the distribution. * Indicates p<0.05 in all graphs.
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the vaccination protocol, in order to study the prebiotic effects closer in time to the
priming phase. Using the same dietary supplementation as in the first experiment and
starting 14 days before the primary vaccination, the DTH responses were increased
significantly compared to control mice when measured at day 9 after primary
vaccination in the second experiment (Figure 2a). Two antigen doses were used: the
high dose resulted in a significant increase in DTH response compared to the low dose
(141.0 ± 7.3 µm vs. 107.9 ± 8.2 µm; p=0.01). For both antigen doses, supplementation
further increased DTH responses significantly. No increase in ear thickness was
observed in the sham group.

a

c

b

d

e

Figure 2. Dietary supplementation enhances DTH responses in a shortened vaccination model and induce
prebiotic effects in the cecum. A shortened vaccination model was used to study the relationship between the
immune modulatory and prebiotic effects. A single vaccination was administered at day 0, dietary intervention
lasted from day -14 to 9. DTH responses and microbiota-related parameters were measured at day 9. (a)
Supplementation with the specific mixture of oligosaccharides significantly enhanced DTH responses, both at a
low (100x diluted vaccine) and high (10x diluted vaccine) antigen concentration. Bars represent group averages
± SEM. The percentages of bifidobacteria and lactobacilli were measured in cecum (b, c) and colon (d, e)
samples, relative to the number of total bacteria. Box-and-whisker plots show the data distribution (median,
interquartile range and extremes); microbiota-related data were transformed logarithmically before analysis to
normalize the distribution. * Indicates p<0.05 compared to the control animals, or to other groups as indicated
by horizontal lines.
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Due to the low amount of material isolated from the cecum and colon of the animals, 37
samples of cecal content and only 28 samples of colonic content were successfully
analyzed for the percentages of bifidobacteria and lactobacilli (Figure 2b-e). The
percentages of both groups of bacteria were significantly increased in the cecum
samples of supplemented mice.
The relationship between the microbiota parameters and DTH response was analyzed
by means of multiple regression. The regression model always contained the antigen
dose variable, to take into account the two antigen doses that were used. The
significance of adding single microbiota-related parameters into the model was tested,
as well as combinations of these parameters (Table 1). Inclusion of the cecal microbiota
parameters significantly improved the model, but only the percentage of lactobacilli
showed a significant positive correlation with the DTH data. When the diet group data
(supplemented yes/no) was used instead of the cecal lactobacilli, a similar model fit
was observed. In a combined model, the antigen dose, diet group and cecal lactobacilli
variables all contributed significantly (p<0.001, p=0.01 and p=0.03, respectively), leading
to an optimal model fit (R2 = 0.63). The partial correlation plot of the cecal lactobacilli
and DTH response is shown in Figure 3, depicting the relationship between both
parameters while all other factors are kept constant.
In the unsupplemented group, many samples had percentages of lactobacilli in the
cecum that were below the detection limit of the assay, however, exclusion of these
data points did not change the outcome of the analysis.
Inclusion of either or both of the colonic microbiota parameters into the model did not
improve it. However, when the colonic bifidobacteria were analyzed excluding the
samples below the detection limit, a significant correlation with DTH responses was
observed (data not shown). The difference in these statistical outcomes was caused by a
relatively high number of animals in the supplemented group that had undetectable
levels of colonic bifidobacteria (5 out of 15 observations). Therefore, excluding these
samples from the analysis introduces an unwanted bias.

Discussion
It is demonstrated in this study that dietary supplementation with a specific mixture of
scGOS, lcFOS and pAOS increased vaccine-specific DTH responses in C57BL/6 mice, as
reported previously (chapter 4). In a first step, it was shown that the immunemodulatory effect occurred during the priming phase of the response. Indeed,
supplementation from day –14 to 8 yielded a similar increase in DTH response as

125

Chapter 5

Table 1. Multiple regression analysis of the relationship between the DTH responses and microbiota-related
parameters.

2

Degrees of Significance of
a
freedom
F change

Significance of

1 No microbiota
parameters

Antigen concentration

0.262

0.241

35

0.001

<0.001

0.568

0.543

34

<0.001

<0.001

0.262

0.241

35

0.001

<0.001

0.544

0.503

33

<0.001

0.651

0.607

32

0.004

0.004

Antigen concentration

0.262

0.241

35

0.001

<0.001

Cecum lactobacilli

0.543

0.516

34

<0.001

0.030

0.626

0.592

33

0.010

0.010

0.379

0.355

26

<0.001

<0.001

0.414

0.341

24

0.492

0.640

0.578

23

0.001

2 Cecum
parameters

Antigen concentration
Cecum bifidobacteria
Cecum lactobacilli
Supplementation group

3 Cecum
Lactobacilli

Supplementation group
4 Colon
parameters

Antigen concentration
Colon bifidobacteria
Colon lactobacilli
Supplementation group

coefficient

b

Regression model

R

Supplementation group

Adjusted R

2

Independent variables

0.143
0.010

0.667
0.501
0.001

a

Each of the four regression models was analyzed by adding (groups of) parameters in a step-wise manner, ordered
from top to bottom and indicated by indentation of the variables. The significance of the change in R2 after each
step is shown, as calculated by the change in the F statistic.
b
The significance of the regression coefficients was calculated after all variables were entered into the model.

observed in continuously supplemented mice, while supplementation from day 0 to 30
did not result in a significant increase, although the total supplementation period was
longer in the latter group. These findings indicate that it takes some time for the
modulatory effect to occur, which might be related to the time it takes for the
microbiota to adapt following the supplementation.
Starting oligosaccharide supplementation on the day of primary vaccination (group B)
increased the DTH, but the effect was not significant. This was most likely caused by
the fact that the priming phase of the immune response lasts for some time after the
primary vaccination, causing potential overlap with a gradually developing immune
modulatory effect.
The immune modulating effects that were observed in previous experiments – a
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Figure 3. Partial correlation plot of the cecal lactobacilli and the DTH response residuals. Multiple regression
analysis was used to analyze the relationship between the microbiota-related parameters and the observed
DTH responses in the second experiment. A significant correlation was found between the cecal lactoballi and
the DTH responses in a model that included the antigen concentration and supplementation group data as well.
The relationship between the cecal lactobacilli and DTH response was visualized by plotting the residuals of
both parameters against each other, which have been obtained after regression of both parameters against the
other independent variables.

stimulation of Th1 related DTH responses and an inhibition of various parameters of
allergic asthma and antigen-specific Th2 cytokine production in splenocyte cultures
(chapters 3, 4 and 8) – led us to hypothesize that the immune-modulating effects of the
specific oligosaccharide mixtures were due to a shift in the balance between Th1 and
Th2 responses. The current results, which suggest that immune modulation occurs
during the priming phase, fit well with this hypothesis. The polarization of naïve Tcells into Th1 or Th2 effector cells has been described to occur early in the immune
response (7, 8). The cytokines IL-4 and IL-12 have been described to be the major
determinants in the T-cell polarization process, while various other cytokines,
interactions with costimulatory molecules on antigen-presenting cells (APC) and other
factors are known to play a role in this process as well (reviewed in 9, 10). It is
unknown whether the supposed modulation of T-cell polarization is caused by an
effect of supplementation on the T-cells, on APC such as dendritic cells and their
interaction with T-cells, or on other cells that cause a form of bystander effect on the
vaccination response.
Because the vaccinations were administered subcutaneous at the back of the neck of the
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animals, T-cell priming is expected to have occurred in the axillary lymph nodes
(enlargement of these lymph nodes has been observed frequently; data not shown),
distant from the gut and its associated mucosal immune tissues. Supplementation with
prebiotics has been reported to lead to modulation of mucosal immune parameters,
which is suggested to be caused by direct interactions between prebiotics or the
bacteria that ferment them and gut-associated lymphoid tissues (11-13). The precise
mechanism that is responsible for systemic immune-modulatory effects, induced by
dietary oligosaccharides, is currently unclear.
The correlation analyses showed that the percentages of bifidobacteria and lactobacilli
were correlated to a similar extent with the DTH response as the diet group data
(supplemented yes/no). At first glance, these results do not provide a strong indication
for a critical role of bifidobacteria and lactobacilli in the immune-modulatory effect.
However, the correlation between the cecal lactobacilli and the DTH response
remained significant after addition of the supplementation group variable to the model,
indicating that the percentages of cecal lactobacilli explain a significant part of the
variation in the DTH response, independent from oligosaccharide supplementation.
The correlation between the cecal lactobacilli and the DTH response is consistent with
the hypothesis that immune-modulatory effects of prebiotic oligosaccharides are
mediated via the microbiota. However, since the diet group variable always
contributed significantly to the regression models, it is most likely that other factors
than the ones that were measured played a role as well.
This study focused only on the percentages of bifidobacteria and lactobacilli, which are
the most studied groups of bacteria related to prebiotic or probiotic effects. However,
other groups or species of bacteria might have played a role as well. In addition, the
anatomical location of the bacteria might be important for their effect on the immune
system. It has been described that mucosa-associated microbiota are in close contact
with the epithelium and mucosal immune cells (reviewed in 14, 15). The microbiota in
this layer have been suggested to be of main importance in the interaction with the
immune system, and it has been reported that prebiotic supplementation affected the
composition of this layer of microbiota (16, 17). It is possible that effects of prebiotics
are different on luminal microbiota, which were measured in this study, than on
mucosa-associated microbiota. This may provide an explanation for the weak
correlations that were found. Alternatively, the supplemented oligosaccharides may
already modulate the microbiota that are present in the small intestine, thereby
modulating the interaction between the local microbiota and Peyer’s patch cells and/or
other gut-associated lymphoid tissues (12, 13). Lastly, direct immune modulatory
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effects of the oligosaccharides might have played a role, as there are indications that
small proportions of oligosaccharides can reach the circulation (18, 19) and modulate
immune responses in a microbiota-independent fashion (20).
Immune modulatory effects of specific mixtures of scGOS and lcFOS, with or without
pAOS, have been shown repeatedly in animal models and clinical trials (21, 22;
chapters 3, 4, 7 and 8). The current results suggest that oligosaccharide-induced
modulation of T cell-dependent responses occurs at the priming phase of the response.
Beneficial effects of prebiotic oligosaccharides are commonly ascribed to their
stimulatory effect on the number of intestinal bifidobacteria and/or lactobacilli.
Correspondingly, a significant correlation was found in mice between the percentage of
cecal lactobacilli and vaccination-specific DTH response in the current study. However,
the results of the statistical analysis suggested that other factors may play an important
role in the observed immune modulatory effect as well. Therefore, more research is
recommended in order to gain a more detailed insight into the underlying mechanism
of oligosaccharide-induced immune-modulatory effects, as well as into the similarities
and discrepancies between these mechanisms in mice and man.
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Abstract
A specific mixture of short-chain galactooligosaccharides and long-chain
fructooligosaccharides in a 9:1 ratio (Immunofortis), especially in combination with
pectin-derived acidic oligosaccharides (pAOS), appeared to modulate T cell
polarization and natural killer (NK) activity in previous animal experiments. It was
investigated whether immune modulatory effects of these specific oligosaccharides
were detectable in vitro.
Dendritic cell (DC) maturation and T cell function was studied, because both cell types
play important roles in the induction and polarization of T cell responses. T cell
proliferation and cytokine production was analyzed in Concanavalin A-stimulated
peripheral blood mononuclear cells (PBMC). DC maturation was studied in human
immature monocyte-derived DCs, by analyzing the expression of maturation and
costimulatory markers. In addition, the effect of the specific oligosaccharides was
studied on NK activity in PBMC. A wide range of oligosaccharide concentrations were
tested, widely spanning biologically relevant concentrations. However, addition of the
oligosaccharides to the culture medium did not lead to consistent effects in any of the
in vitro assays.
In conclusion, no evidence was found for immune-modulatory effects of specific
oligosaccharides in a limited set of in vitro assays. Additional in vitro experiments are
recommended to study potentially relevant immunological mechanisms.

Introduction
Specific mixtures of oligosaccharides have been previously shown to induce immune
modulatory effects in vivo (chapters 3-5). A mixture of short-chain
galactooligosaccharides (scGOS) and long-chain fructooligosaccharides (lcFOS) in a 9:1
ratio (Immunofortis), especially in combination with pectin-derived acidic
oligosaccharides (pAOS), repeatedly enhanced vaccine-specific delayed-type
hypersensitivity (DTH) responses in a murine influenza vaccination model. In addition,
a reduction in ex vivo T-helper 2 (Th2) cytokine production was observed (chapter 4), as
well as reduced parameters of allergic asthma (chapter 8). Overall, these results
strongly suggest that the oligosaccharides induce a shift in the Th1/Th2 balance
towards Th1 responses.
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There are also indications from animal experiments that these specific oligosaccharides
enhance natural killer (NK) activity. In an experiment with 8 months old senescenceaccelerated SAMP8 mice, supplementation with up to 5% of scGOS/lcFOS/pAOS led to
a significant and dose-dependent increase in splenocyte NK activity (unpublished
data). In addition, an inhibitory effect of oligosaccharide supplementation was
observed on viral load in the early phase of cytomegalovirus infection (chapter 7). It is
suggested that this was caused by enhanced NK activity.
The exact mechanism underlying immune modulatory effects of prebiotic
oligosaccharides are unknown, but are often attributed to the changes in the gut
microbiota; especially to specific increases in intestinal bifidobacteria and lactobacilli.
However, direct correlations between effects on the gut microbiota and the immune
system have not been described widely in literature. A significant correlation between
cecum lactobacilli and DTH responses was found in mice supplemented with
scGOS/lcFOS/pAOS. However, the correlation was not strong and the results suggested
that other factors played a role as well (chapter 5). Sonoyama et al. provided evidence
that strongly suggested the existence of direct, microbiota-unrelated immune
modulatory effects of oligosaccharides in vivo. In a rat model of allergic airway
inflammation, eosinophilia was reduced after intraperitoneal application of α-GOS, as
well as after dietary application in cecectomized mice that were treated with antibiotics
(1). These data, together with immune modulatory effects that were previously
observed, prompted us to test whether there is evidence for direct immune modulatory
effects of scGOS/lcFOS or pAOS in vitro, thereby excluding potential microbiota-related
effects. The influence on T cell and dendritic cell (DC) function were investigated,
because these cell types are of major importance in T cell-mediated immune responses
and the Th1/Th2 balance. In addition, the influence of the specific oligosaccharides on
NK activity was analyzed.

Materials and methods
Peripheral blood mononuclear cells
Human peripheral blood mononuclear cells (PBMC) from buffy coats, originating from
healthy adult donors, were obtained from the blood bank (Sanquin, Amsterdam, the
Netherlands). PBMC were isolated using Ficoll-Paque (Amersham Biosciences, Diegem,
Belgium) density centrifugation and stored in liquid nitrogen. Before use, cells were
thawed quickly and warm culture medium was added slowly and gently to the cells.
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Culture medium consisted of RPMI-1640 (Life Technologies, Merelbeke, Belgium)
supplemented with 10% heat inactivated FCS (Perbio, Etten Leur, the Netherlands) and
100 U/ml penicillin/streptomycin). Cells were washed and centrifuged twice, were
counted (Coulter Z2, Beckman Coulter, Mijdrecht, the Netherlands) and diluted to the
proper concentration for use. The various in vitro experiments were performed on
multiple donors to analyze the variability of the observed effects.

Oligosaccharide solutions
Stock solutions of up to 40 mg/ml scGOS/lcFOS and pAOS were made in culture
medium. The pH of the pAOS stock solution was neutralized using sodium hydroxide.
The scGOS/lcFOS powder consisted of the active ingredients spray-dried scGOS
(Vivinal GOS, Borculo Domo, Zwolle, The Netherlands;) and lcFOS (Raftiline HP,
Orafti, Wijchen, The Netherlands;) in a 9:1 ratio (Immunofortis). The scGOS/lcFOS
powder that was used for these experiments also contained carrier and rest
carbohydrates (maltodextrin, glucose and galactose). If immune modulatory effects
were observed in vitro, these carbohydrates were to be tested separately to ascertain
that the activity was due to the active ingredients only. Pectin-derived pAOS powder
was kindly provided by Südzucker AG (Mannheim, Germany). The solutions were
filter-sterilized before use (pore size 0.2 µm). Various concentration ranges of the
oligosaccharide solutions were tested, as indicated in the results section.

TNF-α production assay
PBMC (1*105 cells/well) were incubated with a wide concentration range of the
oligosaccharide solutions during 24 hours under standard culture conditions (cells
suspended in culture medium, incubated at 37 ºC in an atmosphere containing 5%
CO2). As a positive control, 50 ng/ml LPS was added to the culture medium. After
incubation, culture supernatants were collected and stored at -80 ºC until measurement.

Mitogen proliferation assay
Concanavalin-A (ConA, Sigma Aldrich, Zwijndrecht The Netherlands), a T cell
mitogen, was used to induce proliferation in PBMC cultures (1*10 5 cells/well) at 1.25
and 10 μg/ml (sub-optimal and optimal concentrations; determined in previous
experiments; data not shown). Oligosaccharide solutions were added to the culture
medium in a wide concentration range. Parallel plates were used to measure
proliferation and cytokine production. The cells were incubated in a total volume of 200
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µl for 44-48 hours. For the proliferation assay, 0.4 Ci 3H-Thymidine was added per
well for the last 16 hours of culture. Cells were harvested onto filterplates and 3HThymidine incorporation was measured with the aid of a scintillation counter (Wallac
Microbeta 1450, Perkin Elmer, Zaventem, Belgium). The results were shown as
radioactive counts per minute (cpm) per well. For cytokine measurements, culture
supernatants were harvested after 44-48 hour incubation and stored at -80 ºC until
measurement.

Natural Killer cell activity assay
Natural Killer (NK) cell activity was tested using a time-resolved fluorometric assay.
PBMC (effector cells) were cocultured with K562 cells (target cells, chronic
myelogenous leukemia (CML) cells), labeled with BATDA (DELFIA BATDA Reagent,
Perkin Elmer Life Sciences) at Effector : Target (E:T) ratios of 50:1, 25:1, and 12.5:1. One
day before the NK activity assay was performed, 3.3*10 5 K562 target cells were seeded
in a T75 culture flask. On the day of the assay, these target cells were washed, diluted
to a concentration of 1*106 cells/ml and labeled with BATDA reagent (12,5 μl BATDA in
10 ml cell suspension) for 15 minutes at room temperature (RT). Cells were washed 5
times with 30 ml culture medium to remove all unbound label.
PBMC were pipetted in a U-bottom 96-well plate at the appropriate concentrations for
the E:T ratios and 5*103 target cells were added. The oligosaccharides were added to
the cell cultures before the start of the 4 hour incubation period. Alternatively,
oligosaccharides were preincubated with the effector cells for 20 hours, followed by the
standard 4 hour incubation with the target cells. Afterwards, 20 µl supernatant was
harvested into a white 96-well plate (PolySorp F96 Nunc, VWR International, Roden,
The Netherlands), 180 μl europium solution (DELFIA, Perkin Elmer Life Sciences) was
added and the plates were incubated in the dark for 15 minutes at RT. Time-resolved
fluorescence was measured with a fluorometric analyzer (Wallac Victor2 1420 Multilabel HTS Counter, Perkin Elmer Life Sciences).
For determination of the spontaneous lysis, target cells were incubated with 100 μl
culture medium instead of effector cells. Maximum release was measured by
incubating the target cells with 100 μl culture medium with 4% Triton X-100 (SigmaAldrich Chemie, Zwijndrecht, The Netherlands), which induces cell lysis. Data were
expressed as the percentage of target cell lysis calculated by the following formula:
[(experimental release – spontaneous release) / (maximum release – spontaneous
release)] x 100.
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Generation of monocyte-derived dendritic cells
Dendritic cells were generated from adherent mononuclear cells in human blood
according to established standard procedures (2). The PBMC were plated out in 5 ml
culture flasks at 2-4*106 cells/ml. They were stored for 2 hours in the incubator to allow
the monocytes to adhere to the flask. After 2 hours, the culture medium was removed
and the non-adherent cells were washed off with PBS. The adherent cells were cultured
for 5-6 days in 5 ml RPMI with 1000 U/ml rIL-4 (CLB, Amsterdam The Netherlands)
and 100 ng/ml GM-CSF (Leucomax, Novartis, Basel, Switzerland) to induce
differentiation into monocyte-derived DCs. After differentiation, the cells were
matured for 2 more days with 100 ng/ml LPS (positive control) or various
concentrations of oligosaccharides. DC differentiation and maturation was analyzed by
flow cytometer. In experiments testing pAOS, culture supernatants were harvested
after maturation. In addition, pAOS was co-incubated with a sub-optimal dose of LPS
(1 ng/ml) to investigate the effects on DC maturation.

Flow Cytometry
Cells were washed twice using PBS with 1% BSA. The fluorochrome-conjugated mAbs
were added at saturating concentrations for 30 min at 4°C, and two additional washes
were performed. Cell surface expression was evaluated by single or multiple
immunofluorescence staining, and analysis was performed using a Coulter Epics XLMCL flow cytometer and Expo 32 software (Beckman Coulter). These monoclonal
mouse anti-human antibodies used: CD1a-FITC (Biosource); HLA-DR,DP,DQ-FITC
(Pharmingen, Becton Dickinson); CD1a-PE, CD-14-PE, CD83 andCD86 (Immunotech,
Beckman Coulter).
Monocyte-derived DC differentiation was confirmed by the absence of CD-14 and
presence of CD1a expression (data not shown). Propidium iodide staining was used to
exclude dead cells. For all DC maturation analyses, gating was used to analyze only
large, living CD1a+ cells. Expression of the maturation marker CD83 is shown as the
percentage of positive cells. MHC class II and CD86 are (co)stimulatory molecules that
are expressed on both immature and mature DCs, but the level of expression increases
upon maturation. Therefore, the results for these markers are expressed as the mean
fluorescence intensity per cell.

Cytokine measurements
High-binding capacity 96-well plates (Costar, Corning, Schiphol-Rijk, the Netherlands)
were coated with the primary antibody (5 µg/ml in PBS, for 1 hour at 37 ºC or o/n at 4
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ºC). After coating, the plates were washed 3 times with wash buffer (PBS, 0,005%
Tween) and blocked 1 hour with block buffer (PBS, 1% BSA). After 3 washing steps,
samples and standards were incubated for 2 hours at room temperature. After 5
washing steps, the biotin-conjugated secondary antibody was added at 0.5 g/ml
(diluted in wash buffer) and incubated for 1 hour at room temperature.
Streptavidin/HRP (Biosource, Camarillo USA, Lotnr: 4401) was diluted 1:20000 in wash
buffer, added and incubated for 30 minutes. TMB substrate (Pierce, Rockford USA,
Lotnr: DG728591) was added and color development was allowed for a maximum of 20
minutes. The reaction was stopped with 10% H2SO4 and the samples were measured at
450 nm using a spectrophotometer (Bio-Rad Ultramark Microplate imaging system).
For the measurement of IL-2, anti-human IL-2 (Pharmingen, cat.nr. 555051, Becton
Dickinson, Breda, the Netherlands) was used as the primary antibody and biotinconjugated anti-human IL-2 (Pharmingen, cat. nr. 555040) as the secondary. For TNF-α,
the human TNF- CytoSet (Biosource, Invitrogen, Breda, the Netherlands) antibody
pair was used. For the measurement of IL-12p70, the IL-12p70 Eli-pair kit (CLBSanquin, Amsterdam, the Netherlands) was used.

Statistical analysis
Data were analyzed using SPSS 15.00 and Graphpad Prism 4.03 software and expressed
as averages standard deviation. Differences between one control and multiple test
groups were analyzed using the two sided Dunnett T-test. Differences were regarded
significant at p <0.05. The in vitro assays that are described in this chapter were
performed repeatedly on PBMC from different donors. The results from different
donors were consistent unless indicated otherwise; representative results are shown
from a single donor per type of assay.

Results
TNF-α production
To test whether the oligosaccharide solutions induced stimulatory effects on monocytes
or were contaminated with endotoxin, PBMC TNF-α production was measured after 24
hour of incubation with the oligosaccharides. A concentration range of 10 mg/ml to 10
pg/ml was tested using 10-fold dilutions, as shown in Figure 1. The oligosaccharides
did not stimulate TNF-α production compared to the negative control (152 ± 32 pg/ml),
except for the highest dose of scGOS/lcFOS which induced intermediate concentrations
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Figure 1. scGOS/lcFOS and pAOS do not induce TNF-α production over a broad concentration range.
Oligosaccharide-induced spontaneous TNF-α production by human PBMC was measured, as a functional
control assay for endotoxin contamination of the oligosaccharides, or to detect monocyte activation effects.
Two different PBMC donors were used for the dose response curves. PBMC from these donors that were
stimulated with 50 ng/ml LPS produced high amounts of TNF-α (> 2400 pg/ml). Data are represented as means
of triplicate samples. Error bars indicate the standard deviation and * indicates a significant difference
compared to the unstimulated control samples (p<0.05).

of TNF-α (597 ± 48 pg/ml; p<0.01). LPS stimulation of the PBMC induced high levels of
TNF-α production (> 2400 pg/ml in all PBMC donors that were used). No effects on
TNF-α production were observed with the same dose range of a 1:1 mixture of both
oligosaccharide solutions (data not shown).

Mitogen-induced proliferation and cytokine production
The effects of the same dose range of oligosaccharides were tested on mitogen-induced
T cell proliferation and cytokine production. Background proliferation of the
unstimulated PBMC was 530 ± 60 cpm. Sub-optimal and optimal ConA concentrations
induced high rates of proliferation (7.8 ± 1.6 *10 3 cpm and 2.4 ± 0.5 *104 cpm,
respectively). Co-incubation with oligosaccharides did not affect the proliferative
responses of ConA-stimulated PBMC (Figure 2a), except for the two highest
concentrations of pAOS that significantly inhibited proliferation (p<0.01 for both
concentrations of pAOS and ConA). Unexpectedly, the neutralized pAOS stock
solution caused acidification of culture medium at these concentrations. A 1:1 mixture
of the oligosaccharides induced similar effects as pAOS alone. The proliferation was
inhibited at the highest concentrations, due to acidification of the culture medium (data
not shown).
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Figure 2. scGOS/lcFOS and pAOS do not affect mitogen-induced proliferation or IL-2 production over a
broad concentration range. (a) Human PBMC were stimulated with sub-optimal (sub) or optimal (opt)
concentrations of ConA (1.25 and 10 µg/ml, closed and open markers, respectively). (b) IL-2 and (c) IFN-γ
production by human PBMC, stimulated with 10 µg/ml ConA. Data are represented as means of triplicate
samples. Error bars indicate the standard deviation and * indicates a significant difference compared to the
unstimulated control samples (p <0.05).
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The effects on ConA-induced IL-2 production were similar to the effects on
proliferation (Figure 2b): no oligosaccharide-induced effects were observed, except for
a significant reduction at the highest concentration of pAOS (p<0.01). IFN-γ
concentrations after optimal ConA stimulation was measured once (Figure 2c). It was
not affected over the largest part of the dose range, but it was reduced significantly
compared to the control cells at the two highest concentrations of scGOS/lcFOS (p<0.05
at 1 mg/ml; p<0.01 at 10 mg/ml) and pAOS (p<0.01 at both concentrations). The
inhibitory effect of high concentrations of scGOS/lcFOS was not significant compared
to the lowest concentrations of scGOS/lcFOS, suggesting that the observed significance
may be due to coincidental high control values. As observed with the other ConArelated parameters, the highest concentration pAOS yielded a strong inhibitory effect
on IFN-γ production. The oligosaccharides did not induce measurable spontaneous
cytokine production or proliferation in PBMC without ConA.

Natural killer cell activity assay
Based on the previous experiments, doses of 50 ng/ml to 800 µg/ml scGOS/lcFOS and 5
ng/ml to 80 µg/ml pAOS were tested in the NK-activity assay. At these doses, no TNFα production or viability problems had been observed and no spontaneous cell lysis of
the K562 target cells occurred. As expected, the NK activity of thawed PBMC was
proportional to the E:T ratio, but scGOS/lcFOS and pAOS did not show clear dosedependent effects within the dose ranges that were tested (Figure 3). At several
concentrations of the oligosaccharides, and especially at the E:T ratio of 12.5:1, NK
activity was significantly lower than in the control samples. However, the doseresponse relationships and repeated measurements indicated that this was caused by
assay variation.

Dendritic cell maturation
Incubation of immature DCs with concentrations up to 200 µg/ml of scGOS/lcFOS (not
shown) or a 1:1 mix of scGOS/lcFOS and pAOS for 48 hours did not induce enhanced
expression of maturation or costimulatory markers. LPS, the positive control, clearly
induced maturation as shown by an increase in the number of CD83+ cells and the
expression level of MHC class II and CD86 molecules, as shown in Figure 4. pAOS
appeared to enhance expression of CD83 and MHC class II in two experiments, but this
was not observed in repeat experiments or with the combination of scGOS/lcFOS and
pAOS. As an additional measure of maturation, it was tested whether pAOS (up to 100
µg/ml) induced IL-12p70 production in DCs, a cytokine that drives the generation of
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Figure 3. NK-activity of human PBMC is not affected consistently by increasing doses of scGOS/lcFOS and
pAOS. Human PBMC (effector cells) were incubated for 4 hours with labeled, NK-sensitive K562 cells (target
cells). NK-activity of PBMC was measured by the specific lysis of the K562 target cells over the 4 hour
incubation period, as indicated on the y-axis. Three E:T ratios were tested: 50:1 (diamonds), 25:1 (squares) and
12.5:1 (triangles). Data are represented as means of quadruple samples. Error bars indicate the standard
deviation and * indicates a significant difference compared to the unstimulated control samples at the
corresponding E:T ratio (p<0.05).

Th1 responses (3). However, whereas LPS-matured DCs produced low levels of IL12p70 (67 ± 10 pg/ml), no IL-12p70 was detectible in the supernatants of immature DCs
and DCs incubated with pAOS.
Possibly, the effect of pAOS on DC maturation may have been too subtle to detect
repeatedly. Therefore, it was investigated whether an effect of pAOS could be detected
in the presence of a sub-optimal maturation factor. As shown in Figure 5, 1 ng/ml LPS
induced sub-optimal levels of CD83 and MHC class II expression, but pAOS co-
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Figure 4. A combination of scGOS/lcFOS and pAOS did not induce maturation effects in differentiated
monocyte-derived dendritic cells. The expression of the maturation marker CD83 (a), MHC class II molecules
and the costimulatory marker CD86 (b) was measured by flow cytometry after a two-day incubation period of
CD1a+, immature, monocyte-derived DC with various doses of oligosaccharides. Data are represented as means
of duplicate samples. Error bars indicate the standard deviation and * indicates a significant difference
compared to the control samples (p<0.05).

incubation did not modulate DC maturation in the presence of LPS. CD86 expression
appeared to be reduced at lower concentrations of pAOS, however, this effect was not
significant.

Discussion
No consistent effects of scGOS/lcFOS or pAOS have been observed on the in vitro
assays that were performed. scGOS/lcFOS induced moderate levels of TNF-α
production from PBMC at 10 mg/ml, but it is unclear whether this was caused by a
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Figure 5. pAOS does not affect parameters of DC maturation in combination with a sub-optimal
concentration of LPS. A sub-optimal concentration of LPS (1 ng/ml) induced intermediate expression of
maturation and costimulatory markers compared to an optimal concentration (100 ng/ml). Immature
monocyte-derived DCs were incubated for 2 days with various concentrations of pAOS, together with the suboptimal concentration of LPS. The expression of the maturation marker CD83 (a), MHC class II molecules and
the costimulatory marker CD86 (b) was measured by flow cytometry. Data are represented as means of
duplicate samples. Error bars indicate the standard deviation and * indicates a significant difference compared
to all samples with sub-optimal LPS concentrations (p<0.05).

low-level contamination or to specific effects of the oligosaccharides. In addition, pAOS
inhibited ConA responses at 1 and especially 10 mg/ml, because of acidification of the
culture medium. As a result, cell viability was apparently reduced, which led to
reduced cell proliferation and cytokine production. These effects do not appear to be
relevant as such concentrations are unlikely to be reached in vivo.
It has been described that minor amounts of scFOS (dp ≤ 4) were excreted in the urine
of supplemented healthy male volunteers. Around 0.1% of the oral intake was
recovered, indicating that at least that amount of the oligosaccharides must have been
taken up from the gut into the circulation (4). In previous animal experiments,
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oligosaccharide doses of 1 to 5% were shown to induce immune modulatory effects.
The average daily dietary intake in these mice was approximately 2.5 g (chapter 4),
leading to an intake of up to 125 mg/day. If it is assumed that the intestinal uptake in
rodents is similar to humans, no accumulation of systemic oligosaccharides occurred
and the blood volume of the mice was 2.5 ml (10% of the body weight), the maximal
systemic concentration would have been below 50 µg/ml. Consistent with this estimate,
no oligosaccharides could be measured in the serum of supplemented animals using an
HPLC analysis method with a limit of quantification around 1-10 µg/ml (unpublished
data). In relation to the estimated in vivo concentrations, the concentrations of
oligosaccharides that were tested in the in vitro assays spanned broadly around the
relevant range.
The current experiments were performed on human PBMC, but the in vivo immune
modulatory effects on vaccination responses were observed in mice. The results from
the in vitro experiments therefore cannot be compared directly to the results from the
animal experiments. However, the data from the first clinical study suggests that
immune modulatory effects occur in human infants that are consistent with the effects
in mice, suggesting a stimulation of Th1-related cellular immunity and an inhibition of
allergic Th2-related symptoms (5, 6). It therefore appears that the oligosaccharideinduced immune modulatory effects are similar in mice and men.
ConA stimulation aspecifically activates the majority of T cells and induces
costimulation-dependent T cell proliferation and cytokine production. Therefore, this
direct mode of activation and cytokine induction makes it possible to study the general
T cell responsiveness and cytokine production. The results showed no evidence for
strong stimulatory or inhibitory effects of the oligosaccharides on T cell proliferation or
IL-2 production, a cytokine that can be produced by Th1 and unpolarized Th0 cells.
Moreover, the production of the Th1 cytokine IFN-γ was not enhanced by the
oligosaccharides. Because the aspecific mechanism of ConA-induced T cell activation is
not suited to study Th1 or Th2 polarization of naïve T cells, it is recommended to study
the potential effects of the oligosaccharides in more specific assays of T cell activation
and polarization.
Dendritic cells are central in T cell-mediated immune responses; they integrate signals
from their surroundings, interact with naïve T cells to control their activation state and
drive their polarization into Th1 or Th2 cells (7). The results indicated that the
oligosaccharides did not directly induce maturation in monocyte-derived DCs.
However, it is possible that the effects of the oligosaccharides may differ between DC
subsets. Therefore, interactions between oligosaccharides and intestinal DCs in vivo

144

No effects of specific oligosaccharides in a limited set of in vitro assays

might lead to different results than observed in vitro, as intestinal DCs display a
different phenotype and functionality than monocyte-derived DCs (8).
No effects were observed on NK activity of PBMC when oligosaccharides were added
directly to the 4-hour cytotoxicity assay. It is possible that a longer incubation time is
needed to detect a potential effect on NK activity. However, since overnight
preincubation of PBMC in culture medium with or without oligosaccharides inhibited
the NK activity of the cells (data not shown), this could not be tested properly.
Previous animal experiments suggested that the oligosaccharides modulated the
Th1/Th2 balance of vaccination responses around the priming phase of the immune
response (chapter 5). Moreover, the first results from clinical trials are also consistent
with modulation of the Th1/Th2 balance. However, the currently used set of in vitro
assays did not cover all relevant DC and T cell functions to investigate potential
modulation of the Th1/Th2 balance. Cytokine production by DCs may play an
important role, which could be analyzed using differentiated and matured DCs that are
stimulated with CD40-ligand. In addition, T cell activation and polarization of naïve T
cells could be studied by measuring intracellular cytokine production of IL-4 and IFN-γ
after activation. However, in order to be able to detect oligosaccharide-induced effects
on the Th1/Th2 balance, any effects on DCs, T cells or their interaction could be
relevant. Therefore, it is recommended to test the oligosaccharides in a DC-T cell
interaction model, using naïve T cells that are stimulated with a superantigen or in an
antigen-specific manner (9, 10). Using such an integrated approach, any effects on DCs
and/or T cells that influence the Th1/Th2 balance can be detected by measuring
intracellular T cell cytokines IL-4 and IFN-γ at the end of the experiments.
Other non-digestible carbohydrates (inulin and β-glucans) have been shown fairly
recently to activate IFN-γ primed macrophages or macrophage-like cells (11, 12). In
addition, α-linked GOS has been described to increase spontaneous and LPS-induced
inflammatory cytokine production in alveolar macrophages (13). Although no
spontaneous inflammatory cytokine production by monocytes or other PBMC was
observed except for the highest concentration of scGOS/lcFOS, it is recommended that
additional experiments are carried out to study the effects of the oligosaccharides on
normal or IFN-γ primed macrophages.
In conclusion, no evidence was found in the present study for direct, microbiotaunrelated immune modulatory effects of the scGOS/lcFOS and/or pAOS
oligosaccharides in vitro. However, these results are not conclusive about the relevance
of direct, microbiota-independent immune modulatory effects in vivo. The observed
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effects of the oligosaccharides in animal models and a clinical trial, consistently
suggesting a shift in the Th1/Th2 balance, warrant additional experiments to study T
cell polarization in vitro, preferably using a DC-T cell coculture model. In addition, the
potential effects of the specific oligosaccharides on (IFN-γ-primed) macrophage
activation and inflammatory cytokine production need further investigation.
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Abstract
Dietary supplementation with a specific prebiotic mixture of oligosaccharides was
shown previously to modulate systemic vaccination responses. This prompted us to
evaluate the effects on a systemic infection, using a model for murine cytomegalovirus
(MCMV) infection.
C57BL/6J and BALB/c mice received supplemented or control diets and were infected
with MCMV. The supplemented diet contained 2% (w/w) of a specific mixture of shortchain galactooligosaccharides (scGOS), long-chain fructooligosaccharides (lcFOS) and
pectin-derived acidic oligosaccharides (pAOS). The viral load was measured in several
organs using a quantitative real-time PCR technique. Plaque assay was performed on
liver homogenates to detect infectious virus at various time points. Cellular immunity
to cytomegalovirus was analyzed using delayed-type hypersensitivity (DTH) responses
Multiple organs showed a significant reduction in MCMV copy number one day after
infection in supplemented C57BL/6J mice. Additionally, the number of mice with
detectable infectious virus in the liver was reduced in the supplemented group.
Increased serum levels of IFN-α and -γ serum levels were found in supplemented
C57BL/6J mice, suggesting that supplementation enhanced innate immune responses,
leading to increased NK activity. Specific cellular responses were detectable, shown by
significant MCMV-specific DTH responses in C57BL/6J mice. However, no major
differences were detected between control and supplemented mice. No significant
immune-modulatory or anti-viral effects of supplementation were observed in BALB/c
mice.
In conclusion, this study suggests that supplementation with a specific prebiotic
oligosaccharide mixture influences the onset, and possibly the severity of a systemic
MCMV infection in C57BL/6J mice. This warrants further investigations into the
mechanisms of action.

Introduction
Prebiotic carbohydrates are non-digestible food ingredients with potential immune
modulatory properties. Local intestinal effects have been shown including modulation
of cytokine production and increased B-cell cellularity in Peyer's patches, as well as
enhanced intestinal IgA secretion (1-4). Systemic effects have been reported also.
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Buddington and coworkers (5) demonstrated that dietary fructans increased the
resistance to bacterial infections in mice. In our previous work, a specific mixture of
short-chain galactooligosaccharides (scGOS), long-chain fructooligosaccharides (lcFOS)
and pectin-derived acidic oligosaccharides (pAOS) enhanced systemic, vaccine-specific
delayed-type hypersensitivity (DTH) responses in C57BL/6J mice (chapters 3 and 4).
This prompted us to evaluate the effects of this mixture functionally on a systemic viral
infection, using a mouse model for murine cytomegalovirus (MCMV) infection.
Cytomegalovirus (CMV) is a species-specific member of the -herpes viruses. Primary
infection occurs most frequently during childhood or adolescence: in immune
competent hosts, infection is usually associated with no or only mild clinical
symptoms. After clearance of primary infection, the virus remains latent with episodes
of endogenous reactivation. However, in immune-compromised hosts, primary
infection or reactivation of CMV can lead to disease manifestations like pneumonia,
gastrointestinal disease, hepatitis, or retinitis. Murine CMV infection resembles CMV
infection in humans to large extent (6). The immune response after primary infection
includes both humoral and cellular responses (including NK cells, macrophages and
antigen-specific T cells). The clearance of acute CMV infections requires various
responses in host defense, but occurs mainly by the activation of CD8+ T cells. CD4+ T
cells can control the infection in the absence of CD8+ T cells. NK cells contribute to the
control of CMV infection by the production of interferon-γ (IFN- ) and by direct
cytotoxicity to virus-infected cells (7). Mouse strains vary in susceptibility to CMV
infection; for instance BALB/c mice are susceptible whereas C57BL/6J mice are more
resistant (8). This difference is mainly based on the capacity to exhibit an efficient NK
cell response. The NK cell response is controlled by a single dominant locus, named
Cmv1, which encodes the Ly49H receptor. The Ly49H receptor is present on 50% of all
NK cells of MCMV-resistant C57BL6 mice but absent on NK cells of the MCMVsensitive strain Balb/C, thereby emphasizing the role of NK cells in the early control of
MCMV infection (7).
In this study, the effects of dietary supplementation with a specific mixture of
oligosaccharides on resistance to infection and modulation of cellular immunity were
investigated using a mouse model of systemic MCMV infection, both in BALB/c and
C57BL/6J strains.
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Materials and methods
Mice
Eight-week-old male specific pathogen-free (spf) inbred C57BL/6J mice (Maastricht, the
Netherlands) and eight-week-old male spf BALB/c mice (Charles River, Someren, the
Netherlands) were obtained and housed under standard housing conditions with a 12
h dark and light cycle. All animals had free access to tap water and the control or
supplemented semi-purified AIN-93G diet (Research Diet Services, Wijk bij Duurstede,
The Netherlands). The study protocol was reviewed and approved by the Animal
Experimental Committee of the University of Maastricht.

Virus stocks/infection
The MCMV (Smith strain) stock used for inoculation was prepared by homogenization
of salivary glands isolated from C57BL/6 or BALB/c mice that had both been infected
with 5x103 plaque-forming units (PFU) of MCMV 3 weeks before sacrifice. The MCMV
stock used for the DTH was prepared from infected confluent mouse embryo fibroblast
layers derived from either C57BL/6J or BALB/c mice. Virus was harvested by
centrifugation of cultures displaying 100% cytopathic effect, and heat-inactivated for 30
min at 56 C. The heat-inactivated virus stock was obtained by centrifugation for 30 min
at 30.000 rpm (65.000g), while the supernatant served as negative control. The presence
of infectious virus was excluded by a standard plaque assay.

Nutrition
Semi-purified AIN-93G diet contains approximately 40% cornstarch, 13% dextrinized
cornstarch, 10% sucrose and 5% cellulose, adding up to a total carbohydrate content of
68%. In the supplemented diets, 2% of the oligosaccharide mixture was exchanged for
the same weight of total carbohydrates in the diet. The oligosaccharide mixture
consisted for 50% of a combination of scGOS and lcFOS (scGOS/lcFOS) and for 50% of
pAOS. The mixture was blended with the AIN-93G diet and pressed into pellets.
scGOS/lcFOS is a spray-dried powder mix of trans-Galactooligosaccharides (Vivinal
GOS, Borculo Domo, Zwolle, The Netherlands) and lcFOS (Raftiline HP, Orafti,
Wijchen, The Netherlands), in a 9:1 ratio. It consists of approximately 51% GOS and
FOS oligosaccharides, 19% maltodextrin, 16% lactose and 14% glucose. pAOS contains
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partially unsaturated and partially methylated galacturonic acids (kindly provided by
Südzucker AG, Mannheim, Germany). It consists of approximately 75% multimeric
pectin-derived sugar molecules, 10% monomeric sugars, and 15% of ash and other
components.

MCMV Infection protocol
At day 0, C57BL/6J and BALB/c mice were infected by intra-peritoneal injection with
5x103 or 2.5x103 PFU MCMV respectively, and sacrificed at 1, 2, 4, 6, 14 and 28 days (n =
5 per time point). Dietary supplementation was started two weeks prior to infection
and continued throughout the experiment. Animal weight was measured at the start of
supplementation and three times weekly, until mice were sacrificed. Prior to sacrifice,
mice were anaesthetized using pentobarbital (Nembutal®, Sanofi Sante B.V. Maassluis,
The Netherlands) and blood was collected by left ventricular puncture. Subsequently,
salivary gland, lung, liver, heart and spleen were removed and (a part from) each organ
was stored directly at -80 C until further processing. A second part of the liver was
immediately frozen in sterile Earle’s Minimal Essential Medium (EMEM)
supplemented with 2% fetal calf serum until Plaque assay was performed.

MCMV DNA RT-PCR
From all organs (salivary gland, lung, liver, heart and spleen), DNA was isolated using
the Wizard genomic DNA purification kit (Promega Benelux B.V., Leiden, the
Netherlands) according to the recommendations of the manufacturer. MCMV genome
copy numbers were measured using a MCMV specific RT-PCR (ABI Prism 7000) as
described (9). In short, primers and probes for the detection of MCMV were based on
the MCMV glycoprotein B sequence (gB, Genbank accession number M735191, forward
primer
5’-AGGGCTTGGAGAGGACCTACA-3’,
reverse
primer
5’GCCC
GTCGGCAGTCTAGTC-3’ and probe 5’-AGCTAGACGACAGCCAACGCAACGA-3’).
The probe carried a 5’TAM reporter and a 3’TAMRA quencher group. To generate a
standard curve serial dilutions of a known MCMV concentration were included in each
run as well as a negative control, containing reagents only. Each sample was measured
twice and with the average the copy number was calculated.

Plaque assay of infectious MCMV
The presence of infectious virus in the liver was determined by titration of liver
homogenates as described (10). In short, confluent mouse embryo fibroblast layers
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were cultured in triplicate with liver homogenate. The day after infection at which
infectious virus became detectable was recorded. Results are expressed as percentage of
mice with detectable infectious virus.

Serum cytokine analysis:
Interferon-α, β and γ responses were measured at four time-points after infection.
Serum levels of IFN were measured using commercially available kits according to the
manufacturers protocol; mouse IFN-α ELISA kit (PBL Biomedical Laboratories,
Piscataway NY, USA) (Product #42100-1) sensitivity range 10-500 pg/ml, mouse IFN-ß
ELISA kit (PBL Biomedical Laboratories, Piscataway NY, USA) (Product #42400-1)
sensitivity range 15.6-1000 pg/ml, and mouse IFN-γ ELISA kit (RayBiotech, Inc.,
Norcross, USA) (Product #ELM-IFNγ-001) sensitivity range 8.23-6000 pg/ml. Serum
samples were serially diluted twofold, starting 1:5.

MCMV-specific DTH
MCMV-specific DTH reactions were performed as described elsewhere (11). In short,
the DTH reactions were induced 1 day prior to sacrifice by subcutaneous injection of 25
μL heat-inactivated MCMV into the ear pinnae of one ear. As a control, the other ear
was injected with 25 L of supernatant harvested after centrifugation (see above). Ear
thickness was measured in duplicate before challenge and 24 hours afterwards (at the
end of the experiment), with a digital micrometer (Mitutoyo Digimatic 293561,
Veenendaal, The Netherlands). The MCMV specific DTH response was calculated by
subtraction the basal ear thickness from the value at 24 hours after challenge and was
corrected for control swelling.

Influenza vaccination-specific DTH
The immune-modulatory effects of the oligosaccharide mixture used in this experiment
has been tested extensively in C57BL/6 mice. In this study, a vaccination experiment
was performed to reproduce the previous results in a different laboratory and to make
a comparison between the immune modulatory effects of the supplemented diet in
C57BL/6 and BALB/c mice. Two groups of C57BL/6J and BALB/c mice (n=5 per group)
received a primary vaccination and a booster vaccination with a human influenza
subunit vaccine consisting mainly of haemagglutinin proteins of 3 different influenza
strains (Influvac, Solvay Pharmaceuticals, Weesp, The Netherlands). Vaccination was
performed by subcutaneous injection of a 1:1 mix of vaccine (0.30 g/ml) and adjuvant
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(Stimune, previously known as Specol: Cedi-diagnostics, Lelystad, The Netherlands) in
a total volume of 100 µL. The booster vaccination was given 21 days after the primary
vaccination. For each mouse strain, one group of mice received GOS/FOS/AOS
supplemented diet, and one group received control diet.
Vaccine-specific DTH reactions were induced 9 days after booster vaccination, by
subcutaneous injection of 25 μL Influvac into the ear pinnae of one ear. As a control, the
other ear was injected with 25 L phosphate-buffered saline. Ear thickness was
measured in duplicate before challenge, as well as 24 hours thereafter, with a digital
micrometer (Mitutoyo Digimatic 293561, Veenendaal, The Netherlands). The vaccine
specificity of the DTH response was calculated by subtracting the basal ear thickness
from the value at 24 hours after challenge and was corrected for control swelling.

Statistical analysis
Results are expressed as means and SEM. Differences between treatments were
analyzed using two-sided paired t-tests, considering P < 0.05 statistically significant.
Oligosaccharides are known to augment rather than reduce DTH responses to a fixed
amount of antigen, and therefore a one-sided t-test was used in statistical analysis of
the influenza-vaccine response in the nutritional control experiment. Statistical analysis
on viral load measurements was performed using a Wilcoxon Signed rank test to
determine differences between the diets.

Results
Lower MCMV copy numbers one day after infection in supplemented C57BL/6J mice.
Two weeks prior to infection, both strains of mice (C57BL/6J and BALB/c) received
dietary supplementation containing the specific mixture of oligosaccharides or control,
which was continued throughout the experiment. At day 0, all mice were infected by
intra-peritoneal injection and MCMV genome copy numbers were measured using a
MCMV specific RT-PCR in various organs at 1, 2, 4, 6, 14 and 28 days after infection
(Figure 1). In both strains, MCMV was detected in all organs, and copy numbers
changed with time after infection. At day 6, all organs except the salivary gland
showed maximal copy-numbers, which declined thereafter. No significant differences
were observed between the supplemented and control diets in copy numbers in
individual organs from BALB/C mice. In C57BL/6J mice, liver, heart, spleen, and lung
harvested one day after infection from supplemented animals showed significantly
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Control C57BL/6 mice
Supplemented C57BL/6 mice

a
Figure 1. Differences in MCMV load between animals receiving supplemented and control diet were
determined by measuring the MCMV DNA copy number. C57BL/6J mice (a) and BALB/c mice (b) were divided
in two groups (n=30) receiving control (gray dots) or supplemented (black dots) diets, starting 2 weeks prior to
infection and continued until the end of the experiment. The animals were sacrificed at indicated time points
and liver, spleen, heart, lung, and salivary gland were subjected to a quantitative RT-PCR for MCMV (n=5 per
time point). Viral load is presented as MCMV DNA copy number per g total DNA. Single data points are given
and the geometric mean is indicated by a dash. (*) Indicates significant differences between intervention group
and the control group at P < 0.05.
(Figure 1b is printed on the next page)
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Control BALB/c mice
Supplemented BALB/c mice

b

lower copy numbers than control animals (p<0.05). From day two onwards, no
significant differences between the diets were detected. Within the salivary gland, the
increase in MCMV specific copy number was delayed compared to the other organs. In
supplemented C57BL/6J mice, a significant lower copy number could be detected on
day 4 (P<0.05).
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Infectious virus was detectable in reduced number of supplemented C57BL/6J mice
The difference between MCMV copy numbers at day one in C57BL/6J mice prompted
us to measure the amount of infectious virus in the liver. The detection of infectious
MCMV by plaque test was performed in the liver from C57BL/6J mice, at 1, 2, 4, and 6
days after infection (n=5 per group). At all time points, the percentage of mice with a
detectable amount of infectious virus was reduced in supplemented animals compared
to mice receiving control diets (Table 1).

Increased serum levels of IFN-α and INF-γ in supplemented C57BL/6J mice
As part of the innate immune response, IFN-α, -β and -γ concentrations were
determined in serum samples of C57BL/6J mice, at 1, 2, 4, and 6 days after infection
(n=5 per group). At day 2, significant levels of both IFN-α and IFN-γ could be detected,
which were reduced at day 4. Increased levels of IFN-γ and IFN-α were measured in
supplemented C57BL/6J mice compared to control mice, although the differences were
not statistically significant (Figure 2). No IFN-β was detectable at any time point.

MCMV-specific DTH responses
As a parameter for cellular immunity to the virus, DTH responses to inactivated virus
were measured. (Figure 3). C57BL/6J mice developed a detectable MCMV-specific DTH
response, which increased with time after infection. The magnitude of the ear swelling
was in the same range for supplemented and control animals, but the time at which a
significant reaction was first detectable seemed to differ between the diets. In mice
receiving control diets, DTH reached a significant level from day 6 onwards, whereas
in supplemented mice it reached significance on day 14. The MCMV-specific DTH
response in BALB/c mice remained at background levels during the course of infection,
and there was no major difference between the two diets.

Table 1 Number of mice with detectable infectious virus in the liver. At time points indicated, liver from
C57BL/6J mice (n=5 per group) receiving supplemented or control diets were homogenized and infectious virus
was detected using the plaque assay. The number of mice with detectable infectious virus is presented in the
table.
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Day 1

Day 2

Day 4

Day 6

Control

3

5

2

1

Suppl.

-

4

1

-
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a

b

Figure 2. Effect of supplementation on IFN-α and -γ concentrations in serum. Serum samples from MCMV
infected C57BL/6J mice (n=5 per group) receiving supplemented (black bars) or control (gray bars) diets, were
taken at time points indicated. Both IFN-α (a) and IFN-γ (b) were present in serum samples after MCMV
infection. Data are presented as means per group ± SEM.

Supplementation improved DTH response to vaccine in C57BL/6J but not in BALB/c
mice
In order to investigate possible differences in immune modulatory effects of the
supplemented diets, a vaccination experiment was performed to measure vaccinespecific DTH responses in C57BL/6J and BALB/c mice. In both C57BL/6J and BALB/c
mice (n=5 per group), an influenza-specific DTH response was measured at day 28 after
vaccination (Figure 4). Supplemented C57BL/6J mice showed a significantly higher
response than control animals (DTH response 150 23 vs. 88 21 μm, p<0.05), indicating
an improved immune response to the Flu-vaccine-antigens in C57BL/6J mice. No
difference was observed in BALB/c mice: the DTH response was similar in
supplemented and control animals.
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a

b

Figure 3. Effect of supplementation on cellular MCMV-specific responses in vivo. C57BL/6J mice (a) and
BALB/c mice (b) were divided in groups (n=30) receiving supplemented (black bars) or control (gray bars) diets,
starting 2 weeks prior to infection with MCMV and continued until the end of the experiment. All animals (n=5
per time point) received an ear challenge with inactivated MCMV, 24 hours before the indicated time points.
DTH responses were measured as the ear swelling after 24 hours; i.e. ear thickness measured at challenge was
subtracted from ear thickness 24 hours after challenge and corrected for aspecific ear swelling. Data are
presented as means per group ± SEM. (*) Indicates a significant increase in MCMV specific DTH compared to
baseline at P < 0.05. (#) Indicates significant difference between animals receiving supplemented or control
diets at indicated time point P<0.05.

Figure 4. Vaccine-specific DTH responses were analyzed as an in vivo parameter for immune modulation.
C57BL/6J mice and BALB/c mice were divided in groups (n=5) receiving supplemented (black bars) or control
(gray bars) diets, starting 2 weeks prior to first vaccination and continued until the end of the experiment. At
the end of the experiment (day 28), DTH responses were analyzed by measuring ear swelling 24 hours after
antigen injection; i.e. ear thickness measured at challenge was subtracted from ear thickness 24 hours after
challenge and corrected for basal ear swelling. Data are presented as means per group ± SEM. (*) Indicates
significant differences between intervention group and the control group at P < 0.05.
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Discussion
The ability of a multi-cellular organism to defend itself against invasion by pathogens
(bacteria, fungi, viruses, etc.) depends on its capacity to mount effective immune
responses. Dietary supplementation with specific oligosaccharides have been described
to modulate various immune functions, suggesting that their application might
increase resistance to infection (chapters 3 and 4). The present study shows that dietary
supplementation with a specific mixture of oligosaccharides lowered the viral load in
several organs at day 1, while it tended to increase levels of anti-viral cytokines in
serum. This stimulation of early cytomegalovirus surveillance was observed in MCMVresistant C57BL/6J mice but not in the MCMV-sensitive Balb/C mice, suggesting a
prominent role for the supplemented oligosaccharides in modulating NK cell responses
during cytomegalovirus infection.
Following primary CMV infection of an adult immunocompetent host, virus replication
takes place in various tissues. During this early phase, NK cells play an essential role in
the innate control of the infection. Early anti-viral responses in MCMV-resistant
C57BL/6 mice have been shown to depend largely on NK cell activity (13). In contrast,
NK cells in MCMV-sensitive BALB/c mice are not effective in controlling the virus due
to the absence of the Ly49H receptor, leading to a dominance of CD8+ T-cell responses
(14). In the present study, we demonstrate that the early immune response can be
significantly enhanced in C57BL6, but not in Balb/C mice by dietary supplementation
with a specific mixture of oligosaccharides. This suggests that the supplemented diets
enhanced the NK cell number and/or activity. In correspondence, other types of
oligosaccharides have been reported in literature to stimulate NK cell cytotoxicity (15,
16). Based on these data, several mechanisms are feasible by which oligosaccharides
may affect NK cell function. The presently tested mixture of oligosaccharides has been
shown to increase the proportions of bifidobacteria and lactobacilli in the large intestine
(chapter 4), as well as the levels of fecal short-chain fatty acids (SCFA; chapter 3).
Immune-modulatory properties, including the augmentation of NK cell activity, have
been attributed to SCFAs (17) and probiotic strains of bifidobacteria and lactobacilli (18,
19). Similar effects may have contributed to the enhanced early MCMV surveillance
observed in supplemented mice. Although the details of bacterially-induced immune
modulation are not clear, it is possible that bacterial signaling through Toll-like
receptor 2 (TLR2) might play a role, as TLR2 has been implicated to play an important
role in NK-dependent responses to MCMV (20). The increased serum levels of IFNα
and INFγ in supplemented C57BL/6J mice may suggest that the mixture of scGOS,
lcFOS and pAOS affected dendritic cell (DC) function, thereby leading to increased NK
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cell responses. Plasmacytoid dendritic cells (pDC) are known to produce large
quantities of IFN-α and -β upon viral challenge, leading to activated NK cells that
mediate elevated cytotoxicity. In addition, pDCs have been shown to produce IL-12,
which is required for a strong NK-dependent IFN-γ response (21, 22). Other cell types
may be involved as well: a probiotic Lactobacillus strain was reported to augment NK
activity by increasing monocyte IL-12 production (23, 24). In addition, NKT cells have
been shown to increase NK activity, reduce MCMV replication in visceral organs and
may be modulated by prebiotic agents (25-28). The carbohydrate structures of
oligosaccharides may also interact directly with cells of the immune system. Activation
of a -glucan receptor by carbohydrates has been shown to prime NK cells and enhance
their cytotoxicity towards K562 cells (29, 30). Therefore, oligosaccharides that are
capable of -glucan receptor activation may override the different immune evasive
effects of various MCMV genes (31-33). Nonetheless, further investigations are required
to establish what mechanisms actually play a role in the observed enhancement of
early, probably NK cell-mediated, antiviral response towards MCMV in treated
C57BL/6J mice.
Apart from pDCs and NK cells, CD4+ T-cells also contribute to the early antiviral
response in the infected host. Early in infection, CMV specific T-cell have the
appearance of IFN-γ-producing Th1 cells, whereas this population is replaced by
CD4+CD28- cytotoxic T-cells during latency (34). In view of the intimate relationship
between the innate immune responses and adaptive cellular immunity to
cytomegalovirus, we decided to investigate the effects of oligosaccharide
supplementation on cellular immunity. It was shown previously that immunemodulating properties of specific oligosaccharide mixtures could be detected in vivo by
measuring DTH responses (chapter 4). These results were reproduced in the present
study; increased influenza-specific DTH responses were shown in supplemented
C57BL/6J mice, indicating improved cellular immune responses to the vaccine antigens.
Similarly, this technique was applied to study immune responses towards
cytomegalovirus antigens. Significant DTH responses were noted in MCMV-infected
C57BL/6J mice starting at 6 days p.i, which is in accordance with previous data by
Lawson and colleagues (11). Nevertheless, apart from a small though significant
difference found at 6 days p.i., the responses were comparable in control and
supplemented mice, suggesting that the supplementation did not induce major
modulation of the cellular immune response to the virus. In BALB/c mice, DTH
responses were almost absent, irrespective of the diet. The difference in the results
between C57BL/6J and BALB/c mice is speculated to be related to strain-related
differences in immunological phenotypes. C57BL/6 have been described to be more
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prone to Th1-related immune responses, while BALB/c mice are more prone to Th2related responses (35-37). This is supported by the finding that supplementation did
not affect vaccine-specific DTH responses in BALB/c mice either.
The absence of a significantly improved cellular immune response may explain the lack
of effect of the oligosaccharide mixture at later time points p.i. on the number of
MCMV DNA copies. Although the dose of virus that was used (2.5-5x103 PFU) was
rather limited, it might have been sufficient to overrule the early beneficial effects of the
prebiotic mixture at later time points p.i. This suggests that the applied prebiotic
mixture might be of limited use during acute CMV infections. Nevertheless,
supplementation might be useful to raise the threshold of a successful viral infection, or
to counteract periodical viral reactivation. It has been demonstrated that CMV
reactivates from latency during periods of severe stress or with increasing age in
otherwise healthy persons (38-41) and these periods of subclinical reactivation might be
responsible for the suggested long term adverse effects of the virus on e.g.
atherosclerosis. However, further studies are needed to investigate whether prebiotics,
possibly in combination with probiotic treatment, are able to prevent viral reactivation.
In conclusion, this exploratory study describes a model showing nutritional influences
on a systemic murine CMV infection. These data warrants further investigation into
mechanisms of action of these specific oligosaccharides.
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Abstract
Specific mixtures of prebiotic oligosaccharides showed immune-modulatory effects in
previous murine vaccination experiments, suggesting a shift towards T-helper 1 (Th1)
immunity. These mixtures consisted of galactooligosaccharides (scGOS) and long-chain
fructooligosaccharides (lcFOS) in a 9:1 ratio (Immunofortis), with or without pectinderived acidic oligosaccharides (pAOS). To investigate whether these mixtures could
suppress Th2-related responses, they were tested in an ovalbumin (OVA)-induced
model for experimental allergic asthma in Balb/c mice. Supplementation with two
mixtures of scGOS/lcFOS and scGOS/lcFOS/pAOS at approximately 1% (w/w% net
oligosaccharides) in the diet, starting two weeks before OVA sensitization and lasting
until the end of the experiment, led to a reduction in several parameters of allergic
asthma. The OVA-induced airway inflammation and hyperresponsiveness was
significantly suppressed by both mixtures. Moreover, OVA-specific IgE titers were
decreased by more than 25%, although this effect was not significant. The effects of the
oligosaccharide mixture with pAOS appeared to be more pronounced than the effects
of the scGOS/lcFOS mixture without pAOS, but a direct comparison between the
mixtures was not made. Overall, the results further support the hypothesis that the
specific mixtures of oligosaccharides modulate the Th1/Th2 balance by enhancing Th1related and suppressing Th2-related parameters.

Introduction
Dietary oligosaccharides have been shown to modulate immune function in various
recent reports. In the intestine, beneficial effects have been shown on parameters of
inflammation (1-3) and modulatory effects have been shown on cell populations in
Peyer’s patches (PP) (4-6). A few reports on systemic immune modulatory effects have
been published as well (7, 8).
We have previously reported systemic immune modulatory effects after oral
supplementation with specific mixtures of oligosaccharides, designed to mimic the
prebiotic and immunological functions of breast milk oligosaccharides as closely as
possible. These mixtures consisted of galactooligosaccharides (scGOS) and lcFOS in a
9:1 ratio (Immunofortis), with or without pectin-derived acidic oligosaccharides
(pAOS) that consist of partly unsaturated and partly methylated galacturonic acids (9,
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10). Enhanced T-helper 1 (Th1) dependent delayed-type hypersensitivity responses
after vaccination were shown repeatedly in an influenza vaccination model in C57BL/6
mice (chapters 3 and 4). Additionally, inhibition of Th2 cytokine production was
observed in pAOS supplemented animals (chapter 4), leading us to hypothesize that
the dietary interventions induced a mild shift in the Th1/Th2 balance towards Th1
responses in healthy C57BL/6 mice.
To verify this hypothesis in a different animal model, the specific oligosaccharide
mixtures were tested in a model for experimental allergic asthma in Th2-prone Balb/c
mice. Since Th1 and Th2 responses are thought to be reciprocally regulated, it was
hypothesized that dietary intervention with the specific oligosaccharide mixtures could
decrease parameters of allergic asthma in this Th2-related model (11, 12). This
hypothesis was tested in two separate experiments.

Materials and methods
Animals and diets
Male BALB/cByJIco SPF mice, 5-8 weeks of age with 20-25 g of weight, were obtained
from Charles River (Someren, The Netherlands). The mice were accustomed to their
new environment for at least 1 week before the start of the experiment. All experiments
were approved by an independent animal experiments committee.
All animals received semi-purified AIN-93G-based diets (Research Diet Services, Wijk
bij Duurstede, The Netherlands). All supplemented oligosaccharide products were
exchanged for the same amount of total carbohydrates, mixed into the AIN-93G diet
and pressed into pellets.
The active ingredients in the diets were a mixture of scGOS (Vivinal GOS, Borculo
Domo, Zwolle, The Netherlands;) and lcFOS (Raftiline HP, Orafti, Wijchen, The
Netherlands;) in a 9:1 ratio (Immunofortis). Additionally, pectin-derived pAOS were
used (kindly provided by Südzucker AG, Mannheim, Germany). Two supplemented
test diets were compared with AIN93G control diet in two separate experiments. The
diets were described in detail and were shown to induce immune modulatory effects
previously (chapter 4). In short, one test diet contained a net amount of 1% (w/w)
scGOS/lcFOS in a 9:1 ratio. The other test diet contained approximately 1% (w/w) net
oligosaccharides, consisting of 83% scGOS/lcFOS + 17% pAOS. All mice were given
control AIN-93G diets upon arrival at the animal facility for a minimum of 7 days. The
dietary interventions in supplementation groups started 14 days before the primary
sensitization and lasted during the entire experiment.
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OVA sensitization and aerosol challenge
Mice were sensitized to ovalbumin by two intraperitoneal injections with 10 µg
ovalbumin grade V (Sigma Aldrich, Zwijndrecht, The Netherlands) in 2.25 mg/0.1 ml
AlumInject (Pierce, Perbio Science Nederland, Etten-Leur, The Netherlands) in PBS on
day 0 and 7. Sham-sensitized animals received 0.1 ml PBS/AlumInject only. Each
experiment consisted of four groups; the control and supplemented diets were tested
both in sham and OVA-sensitized mice. All groups consisted of 9 animals.
OVA sensitized and sham sensitized mice were exposed to 10 mg/ml nebulized OVA
aerosols in PBS using Pari LC Star (Pari IS-2, Pari-Werk GmbH, Starnberg, Germany).
For each exposure, the animals were placed in an aerosol cabin for 20 minutes. Animals
were aerosol challenged on day 35, 38 and 41 after the first sensitization.

Airway hyperresponsiveness
Airway responsiveness was measured in vivo 24 hours after the last aerosol exposure in
conscious unrestrained mice using a plethysmograph (Buxco, EMKA Technologies,
France) as described by Hanemann et al. (13). The mice were exposed for 3 minutes to
doubling doses of aerosolized methacholine (Mch) ranging from 1.56 mg/ml to 50
mg/ml; after exposure to a methacholine dose lung function was measured for 3
minutes. From the lung function parameters peak expiratory flow (PEF), tidal volume
(TV), expiratory time (Te) and frequency (f) the enhanced pause (PENH) parameter can
be calculated with the formula ((Te/RT)-1).(PEF/PIF). It has previously been
demonstrated that PENH correlates strongly to airway resistance in this allergic asthma
model in Balb/c mice (13-15).

Broncho-alveolar lavage
Broncho-alveolar lavage (BAL) was performed in the same animals that were used for
in vivo airway hyperresponsiveness measurements. In pilot experiments it was found
that combining these techniques had no effect on the total number of lavage cells. Mice
received a lethal dose of pentobarbital sodium (300 mg/kg body weight
intraperitoneally). The lungs were filled with 1 ml aliquots of pyrogen-free saline (0.9%
NaCl) supplemented with protease inhibitor cocktail tablet (1 tablet/ 100 ml) and
bovine serum albumin (5 g/100ml) of 37 oC in situ. Fluid was collected in a plastic tube
on ice (4oC) (totally 1 ml). This procedure was repeated 3 times with aliquots of
pyrogen free saline (0.9% NaCl). The BAL cells were centrifuged (400 g, 4°C, 5 min), all
pellets from one animal were pooled, resuspended and counted by use of a BürkerTürk chamber (magnification 100x).
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Measurement of OVA-specific IgE in serum
Flat-bottom 96-well plates (Nunc Maxisorp, Life Technologies, Breda, The Netherlands)
were coated overnight at 4oC with capture antibody (1 µg/ml purified Rt x Ms IgE;
Pharmingen, San Diego, CA, USA) in sodium carbonate buffer (pH 9.4). After coating
and in between subsequent incubation steps, plates were washed with PBS containing
0.05% Tween-20. Plates were blocked (2 mM EDTA, 136.9 mM NaCl, 50 mM Tris, 0.5%
BSA and 0.05% Tween-20, pH 7.2, 1 hour, room temperature (RT)). Samples and
standards (serum pool from OVA immunized mice, CIP, Utrecht, NL) were applied
(100 µl/well, 2 hours, RT), followed by OVA coupled to Digoxigenin (DIG; Roche
Diagnostics, Mannheim, Germany; 100 µl/well, 1 hour, RT) and anti-DIG-peroxidase
(Roche Diagnostics; 1 hour, RT). After the final washing, 0.4 mg/ml ophenylenediamine-dihydrochloride in PBS containing 0.04% hydrogen peroxide was
added. The reaction was stopped after approx. 5 minutes using 4 M H 2SO4. Optical
density was measured at 492 nm.

Analysis and statistical calculations
Data were analyzed using Graphpad Prism 4.03 software and expressed as arithmetic
average standard error of the mean (SEM). ANOVA and post-hoc Dunnett’s test was
performed to compare the airway hyperresponsiveness data from multiple groups with
one control group. For direct comparisons between the sensitized control and
sensitized supplemented groups, the one-sided Student's T-test (PENH and BAL
inflammatory cells) or Mann-Whitney U-test (IgE titers) was used to evaluate whether
supplementation reduced parameters of allergic asthma. A p value of p <0.05 was
considered significant.

Results
Airway hyperresponsiveness
The airway responsiveness to increasing doses of Mch, as measured by PENH, was
similar for unsensitized mice in both experiments, regardless of the diet. Airway
hyperresponsiveness was observed in sensitized control animals in both experiments;
the PENH was significantly higher compared to unsensitized control animals in five
out of six concentrations of Mch and the largest effect occurred at the highest
concentrations. Both supplemented diets suppressed the development of the OVAinduced airway hyperresponsiveness in sensitized mice (Figure 1). In scGOS/lcFOS fed
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Figure 1. Dietary intervention reduces airway hyperresponsiveness. The effects of dietary intervention with
(a) scGOS/lcFOS in a 9:1 ratio (GF) and (b) scGOS/lcFOS/pAOS (GFA) were measured on the PENH parameter,
measured in conscious unrestrained ovalbumin sensitized (Sens) and unsensitized mice (Unsens). After a
baseline measurement, the mice were challenged with increasing doses of aerosolized Mch in PBS. Values are
means ± SEM (n=9 per group); # indicates p <0.05 unsensitized control mice versus sensitized control mice; *
indicates p <0.05 unsensitized control mice versus sensitized supplemented mice.

mice, the PENH was not significantly different from unsensitized control mice at 12.5
and 50 mg/ml Mch, in contrast to sensitized control mice. The same effect was observed in
scGOS/lcFOS/pAOS supplemented mice at the three highest concentrations of Mch.
Supplementation did not affect the increased responses at lower Mch concentrations,
but the maximal responses were significantly decreased by 21% (p=0.02) and 27%
(p=0.03) in the scGOS/lcFOS and scGOS/lcFOS/pAOS diet groups, compared directly to
the sensitized control group.

Pulmonary inflammatory cellular response
The effects of dietary supplementation with oligosaccharides on the number of
inflammatory cells in BAL fluid are shown in Figure 2. Low numbers of cells were
observed in unsensitized animals irrespective of diet (range 19.2 – 33.9 x103). OVA
challenge dramatically increased BAL cellularity in the sensitized groups. Although
airway inflammation was still present in both supplemented groups of sensitized mice,
the number of cells in the BAL were significantly decreased compared to the control
diets (control vs. scGOS/lcFOS: 336.8 ± 34.5 vs. 244.9 ± 9.8 x103, p=0.01; control vs.
scGOS/lcFOS/pAOS: 353.9 ±34.9 vs. 156.6 ± 25.1 x103, p <0.001). The inflammatory cells
were not differentiated in these experiments, but have been shown to consist of a large
majority of eosinophils in previous comparable experiments (16).
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Figure 2. Dietary intervention reduces the number of inflammatory cells in BAL fluid. The effects dietary
intervention with (a) scGOS/lcFOS in a 9:1 ratio (GF) and (b) scGOS/lcFOS/pAOS (GFA) are shown on the total
number of inflammatory cells in BAL fluid. Values are means ± SEM (n=9 per group); * indicates p <0.05
sensitized control mice versus sensitized supplemented mice.

IgE serum levels
OVA-specific IgE levels were expressed as arbitrary units (AU), as shown in Figure 3.
Background levels were measured in unsensitized mice fed control and supplemented
diets (range: 2.4 - 4.6 AU), but high titers were measured in all sensitized animals. The
average IgE titers in mice that were fed scGOS/lcFOS and scGOS/lcFOS/pAOS
containing diets were 28% and 38% lower than in control diet fed animals, but the
differences were not significant (control vs. scGOS/lcFOS: 89.2 ± 17.7 vs. 64.7 ± 4.4 AU,
p=0.13; control vs. scGOS/lcFOS/pAOS: 78.6 ±17.8 vs. 48.5 ± 6.7 AU, p=0.17).

Figure 3. The effect of dietary intervention on OVA-specific IgE titers in serum. The effects dietary
intervention with (a) scGOS/lcFOS in a 9:1 ratio (GF) and (b) scGOS/lcFOS/pAOS (GFA) on the OVA-specific IgE
titers in serum, measured by ELISA. No significant differences were observed between sensitized control and
sensitized supplemented groups.
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Discussion
In accordance with the hypothesis, dietary intervention with scGOS/lcFOS in a 9:1 ratio
(Immunofortis) and with scGOS/lcFOS/pAOS decreased several parameters of allergic
asthma in Balb/c mice. Significant effects were observed on airway hyperreactivity and
the number of inflammatory cells in the BAL fluid. Additionally, OVA-specific IgE
levels were decreased by more than 25% in both supplemented groups, although these
differences were not significant. The basal airway reactivity in the OVA-sensitized and
challenged groups was higher than in the unsensitized groups, suggesting that a
methacholine-independent mechanism plays a role but was unaffected by the dietary
intervention. It appears that the intervention only suppressed the Mch-dependent
hyperresponsiveness, which is most evident at the highest concentrations. Overall, the
results show that supplementation with the specific oligosaccharide mixtures decreases
the manifestation of experimental allergic asthma in this model.
These results fit well with data from previous murine vaccination experiments, in
which enhanced Th1 dependent DTH responses and reduced Th2 cytokine production
ex vivo were observed in healthy young adult C57BL/6 mice (chapter 3 and 4). The
combined data from all experiments are consistent with the notion that the specific
mixtures of oligosaccharides induce a shift in the Th1/Th2 balance towards Th1
responses, in healthy or allergic mouse models using different strains. Although the
effects shown in this paper were comparable for both test diets, the effects of the
scGOS/lcFOS/pAOS containing diet appeared to be more pronounced than the effects
of the scGOS/lcFOS diet. This difference corresponds to previous observations in the
vaccination model, in which the combination of all three types of oligosaccharides was
significantly more effective than scGOS/lcFOS or pAOS alone (chapter 4). However,
since both test diets were tested in two separate experiments in the allergic asthma
model, no direct comparison could be made in the present study.
Anti-allergic effects of prebiotics have not been described widely in literature.
However, Fujitani and coworkers have very recently demonstrated beneficial effects of
5% (w/w) short-chain FOS supplementation on parameters of OVA-induced food
allergy in mice, leading to reduced numbers of mast cells and edema formation in the
duodenum (17). Additionally, Sonoyama et al. have shown that 5% (w/w) α-linked GOS
and raffinose reduced airway eosinophilia and Th2 cytokine production in OVA
sensitized rats (7).
In the current study, supplementation with the specific oligosaccharide mixtures in
both test diets proved to be effective at a low dose that is relevant for various human
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applications, including infant formulas. It was previously shown that comparable doses
of scGOS/lcFOS induced bifidogenic effects when applied in an infant formula,
resulting in a composition of the intestinal microbiota that was closer to that of breast
fed infants than of standard formula fed infants (18). It has been described that the
incidence of atopic dermatitis (AD) and early childhood wheezing is higher in standard
non-hydrolyzed formula fed infants than in breast fed infants (19-22). Similar to the
effects on the microbiota, the current results suggest that addition of the specific
mixtures of oligosaccharides to infant formula may help to make it closer to breast milk
with regard to the development of atopy and wheezing. This notion is supported by
the first clinical results that are available: in children that received scGOS/lcFOScontaining formula during the first 6 months of life, several allergic symptoms were
reduced significantly, even until these children were two years of age (23, 24).
Additional clinical studies are currently ongoing.
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Abstract
Specific mixtures of oligosaccharides have been shown previously to induce beneficial
immune modulatory effects. In practical applications, such as in infant formula, other
immune modulatory ingredients may also be present, including polyunsaturated fatty
acids (PUFA), nucleotides, arginine and zinc. Therefore, the combined effect of these
ingredients was tested in a murine vaccination model, by measuring the effects on
delayed-type hypersensitivity (DTH) responses. An additional experiment was
performed to test the effect of low doses of either n-3 or n-6 PUFAs.
The combination of immune modulating ingredients, including low doses of n-3 and n6 PUFAs, stimulated DTH responses significantly (166% relative to controls). The
PUFAs alone increased the DTH responses as well (140% relative to controls). In the
additional experiment, low-dose supplementation with n-3 PUFAs, but not with n-6
PUFAs, increased the DTH responses mildly but significantly (123% relative to
controls). The serum fatty acid profiles showed that all n-3 containing diets resulted in
increases in docosahexaenoic acid and other n-3 PUFAs, in parallel to the increases in
DTH responses. No consistent effects were observed on arachidonic acid or other n-6
PUFAs that correlated with the immunological results.
In conclusion, low-dose n-3 PUFAs, alone or in combination with other immune
modulatory ingredients, stimulated Th1 related DTH responses in a murine vaccination
model. These results hold promise for the application of these ingredients in infant
formula, with the goal to enhance resistance to infections and reduce the incidence of
allergies.

Introduction
Breast-feeding has been reported to result in reduced rates of infections and of
occurrence of atopy in infants, compared to bottle-feeding with standard infant
formulas without prebiotics (1-5). A prebiotic mixture of short-chain
galactooligosaccharides (scGOS) and long-chain fructooligosaccharides (lcFOS) in a 9:1
ratio (Immunofortis) has been described to induce immune modulatory effects that
appear to resemble immunological aspects of breast milk on the immune system. In
animal experiments, a reduction in allergy-related parameters was observed in animals
receiving the scGOS/lcFOS mixture (chapter 8), as well as enhanced T-helper 1 (Th1)-
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related immune responses, an important parameter for resistance to many infectious
diseases (chapter 3). Moreover, similar effects were observed in a recent trial with
scGOS/lcFOS-fed infants, resulting in significantly reduced parameters of atopy and
infection (6, 7). Finally, a combination of scGOS/lcFOS and partly unsaturated and
partly methylated pectin-derived acidic oligosaccharides (pAOS) showed synergism in
stimulating Th1-related immune responses (chapter 4).
When a prebiotic concept is used in an infant formula, it is highly likely to be applied in
conjunction with other ingredients that potentially affect the immune function. Polyunsaturated fatty acids (PUFA) of the n-3 and n-6 type have been described to provide
benefits regarding visual functions, cognitive outcomes and cardiovascular parameters
in infants (8), providing a rationale for their application. PUFAs have also been
described to modulate immune function. A beneficial role has been suggested on
allergy development for a long time (8, 9). Inverse relationships have been reported
between breast milk n-3 PUFAs and maternal atopy (10, 11), atopy-related parameters
in children (12-14) and non-atopic eczema (15). These findings might suggest a role for
n-3 PUFAs in the prevention of allergy development. On the other hand, antiinflammatory and even suppressive effects of n-3 PUFAs on Th1 related and other
immune parameters have been described in literature (9, 16, 17), making it unclear
what the net effect of a combination of PUFAs and prebiotics on the immune system
would be.
Other ingredients that might modify immune function in infants include nucleotides,
arginine and zinc. Nucleotides might enhance the maturation of the humoral immune
system in infants (18, 19). Arginine and zinc may positively affect humoral responses
and thymus development (20-23); two parameters that have been described to be
lowered in formula-fed infants (24, 25).
In this study, the combined application of several immune modulatory nutrients was
tested on Th1-related delayed-type hypersensitivity (DTH) responsiveness in a murine
vaccination model, to test whether the different ingredients interact and their effects
possibly cancel each other out. As the literature is ambiguous about the effect of n-3
PUFAs on parameters of immune function, an additional experiment was performed to
investigate the effects of separate n-3 and n-6 containing fat blends on DTH responses.
The effects of PUFA supplementation on serum phospholipids was analyzed in both
experiments.
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Materials and methods
Mice
Female, 6 week old C57Bl/6JOlaHsd mice were obtained from Harlan (Horst, The
Netherlands) and kept under normal conditions at the animal facility of the
Wageningen University, with a 12 h dark and light cycle and access to food and water
ad libitum. The experiments were approved by an independent animal experiments
committee (DEC Consult, Bilthoven, The Netherlands).

Diets
All animals received diets that were based on the semi-purified AIN-93G diet (Research
Diet Services, Wijk bij Duurstede, The Netherlands), containing 7% (w/w) fat (26). The
control diet in both experiments consisted of AIN-93G diet, containing a fat blend of
80% palm oil and 20% sunflower oil. All supplemented oligosaccharides were
exchanged for the same amount of total carbohydrates. All dietary ingredients were
mixed into the diet and pressed into pellets. Pellets were stored at –200C and refreshed
weekly in the cages.
In the first experiment, the dosages of test substances in the experimental diets were
based on amounts that are suitable for application in infant formula. The active
ingredients in the oligosaccharide supplemented group consisted 6 g/kg of a mixture of
scGOS (Vivinal GOS, Borculo Domo, Zwolle, The Netherlands;) and lcFOS (Raftiline
HP, Orafti, Wijchen, The Netherlands;) in a 9:1 ratio (Immunofortis), and 1.5 g/kg
pectin-derived pAOS were used (kindly provided by Südzucker AG, Mannheim,
Germany). A total of 6.5 g/kg of carrier carbohydrates was also added and exchanged
for total carbohydrates in the diet, which were previously shown not to affect the
immune response (27). The nucleotide supplementation group received the control
diet, supplemented with 8.9 mg/kg cytidine monophosphate, 5.5 mg/kg uridine
monophosphate, 8.2 mg/kg adenosine monophosphate, 2.0 mg/kg guanosine
monophosphate and 3.4 mg/kg inositol monophosphate. The PUFA supplementation
group received the control diet with an alternative fat composition, which contained
1.5% evening primrose oil, 0.7% tuna fish oil, 0.8% arachidonic acid oil, 0.2% echium oil
and 96.8% of a blend containing palm oil, sunflower oil, coconut oil and rapeseed oil.
The fatty acid composition of this diet and the control diet is shown in table 1. The last
group in the first experiment received a diet that combined the described
supplementation of oligosaccharides, nucleotides and PUFAs. In addition, 250 mg/kg
arginine and 20 mg/kg zinc-sulphate was added to this diet.
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In the second experiment, two diets with alternative n-3 and n-6 containing fat blends
were compared to the control diet, containing approximately 6% (w/w)
eicosapentaenoic acid (EPA) or γ-linolenic acid (GLA) of total fat. The fat blend in the
EPA-supplemented group consisted of 71% palm oil, 18% sunflower oil and 11%
Incromega fish oil. The fat blend enriched with GLA contained 59% palm oil, 15%
sunflower oil and 26% borage oil. The detailed fatty acid content of these diets is shown
in table 1.

Vaccination protocol and DTH response
The vaccination protocol has been described in detail in chapter 3. In short, the mice
received primary and booster vaccinations, consisting of a subcutaneous (sc) injection
of a 1:1 mix of diluted antigen solution (Influvac, Solvay Pharmaceuticals, Weesp, The
Netherlands) and adjuvant (Stimune, Cedi-diagnostics, Lelystad, The Netherlands).
The booster vaccination was given 21 days after the primary vaccination. The
experiments ended 10 days after booster vaccination. Sham vaccinated groups received
only adjuvant. Dietary interventions were started 14 days before the primary
vaccination and lasted until the end of the experiments. Experimental groups
(including the control groups) consisted of 10 animals (n=10); sham groups consisted of

Table 1. The PUFA content of the diets. The control diets were the same in both experiments. In the first
experiment, the PUFA supplemented group and the combination group had the same PUFA content (PUFA
exp1); the other diets in experiment 1 had the same PUFA content as the control diet.
Fatty acid (w/w% of total FA)

Control

PUFA exp1

EPA

GLA
24.44

C18:2n6

LA

19.96

12.41

17.92

C18:3n6

GLA

0.00

0.52

0.00

6.01

C20:2n6

EDA

0.00

0.00

0.00

0.05

C20:3n6

DGLA

0.00

0.01

0.00

0.00

C20:4n6

AA

0.00

0.18

0.18

0.00

C22:4n6

DTA

0.00

0.00

0.07

0.00

19.96

13.11

18.17

30.50

2.48

0.11

0.14

∑ n6
C18:3n3

ALA

0.10

C18:4n3

SA

0.00

0.15

0.02

0.00

C20:4n3

ETA

0.00

0.00

0.17

0.00

C20:5n3

EPA

0.00

0.36

6.11

0.00

C22:5n3

n-3 DPA

0.00

0.12

0.94

0.00

C22:6n3

DHA

0.00

1.39

2.35

0.00

0.10

4.50

9.69

0.14

∑ n3
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3 animals (n=3). Sham groups were not used for statistical analyses, but included to
demonstrate the specificity of the DTH response to the vaccine.
DTH reactions were induced 9 days after booster vaccination, by sc injection of 25 μL
Influvac into the ear pinnae of both ears. Ear thickness was measured in duplicate
before antigen challenge, as well as 24 hours afterwards, with a digital micrometer
(Mitutoyo Digimatic 293561, Veenendaal, The Netherlands). The DTH response was
calculated by subtraction of the basal ear thickness from the value at 24 hours after
challenge. At the end of the experiment, blood samples were drawn. After
centrifugation, serum samples were collected and stored at –80 0C until further
analysis.

Fatty acid analysis of phospholipids
Fatty acid extraction from serum samples was performed according to Bligh and Dyer
(28). Phospholipids were separated by using Bond-Elut solid phase extraction
columns and the Vac-Elut SPS 24TM system. Phospholipid extracts were converted to
their methyl esters by using 14% BF3 in methanol at 100°C for 60 min. After hexane
extraction derivatized phospholipids were dissolved in iso-octane and analyzed by gas
chromatography (GC) with a capillary column (50m x 0.25mm, CP-SIL88-fame). Peaks
were identified by commercial reference standards. Fatty acid analysis was performed
on individual serum samples; statistics were calculated per experimental group.

Statistical analysis
Statistical calculations were performed in SPSS version 15.0.0 and Graphpad software.
Statistical differences between DTH responses of test groups versus a single control
group were analyzed by ANOVA and post-hoc Dunnett’s test. For analysis of serum
phospholipid PUFA fractions, post-hoc Bonferroni analysis was performed per group
of analytes. Three analyte groups were analyzed: total n-3 and n-6 PUFAs, all
measurable separate n-3 PUFAs and all measurable separate n-6 PUFAs. P-values <0.05
were considered significant. Data are represented as means ± standard error of the
mean (SEM).
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Results
Dietary intervention with the specific mixture of oligosaccharides (136.4±6.9 m) and
with PUFAs (114.7±6.2 m) significantly stimulated DTH responses after vaccination
compared to control animals (81.5±5.0 m; see Fig. 1). In addition, the combined diet
containing all test substances also significantly enhanced the DTH response (135.5±6.5
m) compared to the animals receiving control diet. No differences between diets were
observed with regard to animal weight or feed intake (see table 2). The phospholipid
fatty acid composition of the sera was analyzed from mice that were fed with the
control diet, the PUFA-enriched diet and the combination diet. As the results show in
table 3, the PUFA-enriched diet significantly increased total n-6 PUFAs as well as
arachidonic acid (AA) in serum; the same trends were observed in the combination
diet. A downstream fatty acid in the n-6 elongation pathway that was not present in
any of the diets, n-6 docosapentaenoic acid (n-6 DPA), was significantly reduced in
both PUFA supplemented diets. The total fraction of n-3 PUFAs in serum
phospholipids was significantly increased in the PUFA supplemented diets compared
to the control diet. This was caused mainly by an increase in docosahexaenoic acid
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Figure 1. The effects of PUFAs, oligosaccharides and other immune modulatory ingredients on delayedtype hypersensitivity responses. Dietary supplementation with low-dose PUFAs, nucleotides,
scGOS/lcFOS/pAOS or a combination of these ingredients together with low levels of arginine and zinc was
tested in a murine vaccination model. DTH responses were measured by an increase in ear thickness. *Indicates
p < 0.05 compared with the control group. Data in all graphs represent group means and error bars indicate
SEM.
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Table 2. Animals weights and weekly feed intake. Animals and feed intake were weighed weekly. Animal
weights are shown from the end of the experiment. Data are represented as mean ± SEM. No significant
differences were observed between groups within an experiment.

Experiment

Experiment 1

Experiment 2

Animal weight (g)
at end of
experiment

Group

Control

20.59 ±

Combination
PUFA

Weekly feed intake
(g) per animal

0.39

16.83 ±

0.49

20.29 ±

0.47

16.36 ±

0.26

20.63 ±

0.38

16.34 ±

0.39

Nucleotides

20.01 ±

0.13

16.77 ±

0.36

scGOS/lcFOS/pAOS

20.78 ±

0.57

17.62 ±

0.41

Control

19,72 ±

0,32

17,86 ±

0,42

EPA

20,32 ±

0,38

18,65 ±

0,29

GLA

19,96 ±

0,27

18,31 ±

0,40

(DHA). No significant differences were observed between the combination and the
PUFA groups for any of the fatty acids.
To further investigate effects of the enrichment of different PUFAs on the DTH
response, a second experiment was performed in which n-3 (EPA) or n-6 (GLA)
enriched diets were tested in comparison to the control diet. In this experiment,
Table 3. PUFA composition of serum phospholipids in mice from the first experiment. Data are expressed as
mean ± SEM; * indicates p<0.05 compared control diet. No significant differences were found between the
combination and PUFA diets.
Fatty acid (% of total FA)

Combination

PUFA

13.83 ± 0.52

15.55 ± 0.31

16.39 ± 1.13

C18:2n6

LA

C18:3n6

GLA

0.00 ± 0.00

0.07

± 0.02 *

0.05

± 0.02

C20:2n6

EDA

0.04 ± 0.02

0.10

± 0.03

0.15

± 0.03

C20:3n6

DGLA

2.44 ± 0.08

2.11

± 0.06

2.23

± 0.09

C20:4n6

AA

7.24 ± 0.25

8.56

± 0.55

9.09

± 0.34 *

C22:5n6

n-6 DPA

1.38 ± 0.02

0.31

± 0.03 *

0.34

± 0.04 *

∑ n6

25.01 ± 0.45

26.78 ± 0.52

28.40 ± 1.18 *

C20:5n3

EPA

0.00 ± 0.00

0.08

± 0.03

0.21

± 0.06 *

C22:5n3

n-3 DPA

0.00 ± 0.00

0.12

± 0.02 *

0.26

± 0.08 *

C22:6n3

DHA

2.77 ± 0.09

7.01

± 0.22 *

6.62

± 0.68 *

2.77 ± 0.09

7.21

± 0.23 *

7.16

± 0.63 *

∑ n3
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significantly higher DTH responses were measured in mice that received the EPAenriched diet (152.7 m ± 7.8) than in mice that received the control diet (124.1 m ±
8.6). In contrast, the GLA-enriched diet had no effect on the DTH response (119.5 m ±
7.7; Fig. 2). The proportions of fatty acids in serum phospholipids were differentially
affected by dietary intervention with EPA- and GLA-enriched diets, as shown in table
4. The EPA diet resulted in significantly lower proportions of all n-6 PUFAs. The largest
reductions were measured on the levels of AA and n-6 DPA. The EPA enriched diet
increased the total fraction of n-3 PUFAs. On the single fatty acid level, the proportions
of EPA and its metabolites were significantly increased; the change in DHA levels was
the largest. The GLA-enriched diet resulted in elevated proportions of most n-6 PUFAs,
most notably affecting GLA and AA, resulting in a significant increase of total serum n6 PUFAs. No statistical differences were found in n-3 PUFAs between the GLA
enriched diet and the control diet. The proportions of α-linolenic acid and stearidonic
acid were undetectible in the majority of the samples in both experiments.

Discussion
In accordance with the results in chapters 3 and 4, a combination of scGOS/lcFOS and
pAOS significantly enhanced vaccine-specific DTH responses. Surprisingly, diets that
were enriched with low levels of n-3 plus n-6 PUFAs, or n-3 PUFAs alone, also
stimulated Th1-related DTH responses mildly compared to the control diet, which
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Figure 2. The effects of low dose n-3 or n-6 PUFAs on delayed-type hypersensitivity responses. Dietary
supplementation with low-dose PUFAs, nucleotides and scGOS/lcFOS/pAOS were tested alone or in
combination, together with low levels of arginine and zinc. DTH responses were measured by an increase in ear
thickness. *Indicates p < 0.05 compared with the control group. Data in all graphs represent group means and
error bars indicate SEM.
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Table 4. PUFA composition of serum phospholipids in mice from the second experiment. Data are
expressed as mean ± SEM; * indicates p<0.05 compared control diet. All fatty acids differed significantly
between the EPA and GLA groups except for LA and EDA.
Fatty acid (% of total FA)

Control

EPA

C18:2n6

LA

17.75 ± 0.80

C18:3n6

GLA

0.09 ± 0.01

0.00 ± 0.00 *

0.36 ± 0.02 *

C20:2n6

EDA

0.24 ± 0.02

0.04 ± 0.02 *

0.12 ± 0.01 *

C20:3n6

DGLA

2.82 ± 0.15

1.24 ± 0.05 *

C20:4n6

AA

9.20 ±

2.55 ± 0.09 *

C22:5n6

n-6 DPA

∑ n6

0.57

15.30 ±

GLA
0.33

14.22 ± 0.39 *

2.98 ± 0.14
14.06 ± 0.46 *

2.43 ± 0.26

0.01 ± 0.01 *

32.90 ± 0.69

19.15 ± 0.35 *

3.02 ± 0.14

0.08 ± 0.09

3.70 ± 0.09 *

0.00 ± 0.00
0.12 ± 0.00

35.28 ± 0.44 *

C20:5n3

EPA

C22:5n3

n-3 DPA

0.15 ± 0.08

1.41 ± 0.06 *

C22:6n3

DHA

2.88 ± 0.08

12.91 ± 0.21 *

3.33 ±

0.13

3.18 ± 0.20

18.02 ± 0.24 *

3.46 ±

0.13

∑ n3

contained no PUFAs except for the essential PUFAs linoleic acid and α-linolenic acid.
The currently used dosages of oligosaccharides, PUFAs and a combination of immune
modulating ingredients did not result in opposing effects on the DTH responses. The
fact that no additive effect was observed in the combined group might have been
caused by shared parts of the underlying immune-modulatory pathways of PUFAs and
oligosaccharides. However, given the clear differences between these ingredients with
regard to intestinal and metabolic effects, it is difficult to hypothesize what this
common factor in the immune-modulatory mechanism could be. No effects of
nucleotide supplementation were observed on the DTH response. A stimulation of
circulating IgM and IgA antibodies was reported in nucleotide-supplemented preterm
infants (18). Together, this suggests that nucleotide supplementation affects humoral
rather than cell-mediated immune responses.
It is interesting to compare the serum fatty acid profiles from both experiments. It has
been shown that these are highly correlated with the profiles of leukocyte membrane
phospholids (29). The diets that contained n-3 PUFAs induced significant alterations in
the proportions of many serum phospholipid PUFAs in both experiments, as well as
significantly increased DTH responses. The distribution of the different n-3 PUFAs in
serum phospholipids did not correspond directly with the distributions of n-3 PUFAs
in the diets: most dietary EPA was metabolized in the animals, shown by the
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accumulation of DHA in serum. In contrast, no consistent effects were observed on AA
in both experiments that could explain the increased DTH responses. Therefore, it is
tempting to speculate that the increases in DHA caused the increase in DTH response.
Although DHA, in contrast to EPA, is not a substrate for eicosanoid production, it
decreases the production of AA-derived eicosanoids (30). DHA itself can be
metabolized to a number of other immunologically active mediators such as D-series
resolvins and protectins (30). In addition, DHA and EPA have been described to
remodel the phospholipid composition of T cell lipid rafts, which are membrane
structures that play an important role in T cell signaling and activation (31). Although it
is not yet clear how a low dose of n-3 PUFAs can lead to increased DTH responses, it is
possible that these mechanisms played a role in the observed effects.
The increase in DTH responses that was induced in n-3 supplemented groups suggests
a stimulation of Th1-related immune responses. Inhibitory effects of n-3 PUFAs on Th2related responses have been described previously. Aerosolized DHA reduced lung
eosinophil infiltration in a murine allergy model (32). In addition, dietary n-3 PUFAs
inhibited allergic responses in mice (33) and enhanced oral tolerance induction in rats
(34). As Th1 and Th2-related responses are thought to be reciprocally regulated, these
findings are in keeping with an increase in Th1 responses.
In contrast, many reports in literature have shown suppressive effects of PUFAs on Tcell responses, most notably from n-3 PUFAs on Th1-related responses (35-37). In
addition, a high dose of n-3 plus n-6 PUFAs was shown to reduce vaccine-specific DTH
responses in healthy mice (38). The dosages of the applied n-3 PUFAs might play a key
role in the observed differences. Dosages of fish oil in the diets range mostly between 420% (w/w) in literature. In this experiment, the EPA group received a net amount of
only 0.8% (w/w) of fish oil in the total diet. Yet, significant changes of fatty acid profiles
were observed, as well as functional changes. We argue that these low doses are
relevant, as the test diets featured proportions of n-3 and n-6 PUFAs, relative to total
dietary fat, that are relevant for application in infant formula and are within the ranges
observed in breast milk (39).
Apparently contradictory effects of pre- and probiotic agents have been reported in
literature, including stimulatory effects on Th1-related immune parameters and
ameliorative effects on inflammatory or autoimmune conditions. These diverse results
have been hypothesized to be due to beneficial effects of pre- and probiotics on
immune regulation, caused by the modulation of the intestinal microbiota (40, 41). The
current results show a similar paradox in the immunological effects of n-3 PUFAs, as
the stimulatory effect on the DTH response is in apparent contradiction with the anti-

187

Chapter 9

inflammatory effects of n-3 PUFAs that have been widely described in literature. On a
functional level, it could therefore be hypothesized that n-3 PUFAs may modulate
immune-regulatory processes as well. However, as mentioned earlier, the differences
between PUFAs and pre- and probiotics make it difficult to hypothesize a common
biochemical pathway or mechanism.
In conclusion, the stimulatory effect of a specific mixture of oligosaccharides on the
cellular immune response after vaccination in a murine model was not negatively
affected by simultaneous supplementation of PUFAs and other immune modulatory
ingredients. Moreover, low-dose n-3 PUFA supplementation alone enhanced Th1related immune responses as well. For the potential application of these ingredients in
infant formula, the results suggest that scGOS/lcFOS/pAOS, low-dose PUFAs and other
immune-modulatory nutrients in infant formulas may help to increase resistance to
infections and reduce the development of allergies in infants. Well-designed clinical
trials need to be conducted to prove this hypothesis.
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Modulation of systemic immunity by prebiotic
oligosaccharides
The main function of the immune system is the protection of the host organism against
infection by pathogens. It is a highly interactive system, thought to be
compartmentalized into the mucosal and the systemic parts. Although there is a high
degree of crosstalk, many differences have been described between both parts,
including differences in cell populations, homing behavior and the classes of
predominant antibody production. In addition, there is a degree of separation in
mucosal and systemic immune responses (1). In accordance with this concept,
modulatory effects of several orally applied probiotic bacteria or prebiotic agents have
been reported on mucosal immune parameters (2-4). Previously, a specific mixture of
scGOS/lcFOS was shown to induce prebiotic effects and modulate mucosal IgA
responses in human infants (5-7). Dietary application of this mixture, alone or in
combination with pAOS, was shown in this thesis to modulate systemic immune
parameters in various mouse models (chapters 3-5 and 7-8).
Increased DTH responses (chapters 3-5) and suppressed allergic inflammation
responses to OVA (chapter 8) indicate changes in immune function that are consistent
with a shift in the Th1/Th2 balance, stimulating Th1-related immunity and/or
suppressing Th2-related responses. Indeed, a reduction in the ex-vivo production of
Th2-related cytokines was observed in pAOS-supplemented animals in parallel to
increased DTH responses (chapter 4), although this effect on cytokine production could
not be demonstrated in other vaccination experiments. Yet, the concept of a shift in the
Th1/Th2 balance alone is not sufficient to describe all observed immune modulatory
effects of the oligosaccharide mixtures. The reduction of early MCMV replication,
described in chapter 7, suggests a modulation of innate immune function that may be
due to increased NK activity. In accordance, a dose-dependent increase in splenocyte
NK activity was observed in senescence-accelerated SAMP8 mice, supplemented with
various doses of scGOS/lcFOS/pAOS (unpublished observations). Th1 and NK cells
have several things in common, including the fact that the cytokines IL-12, IL-18 and
IFN-γ play important roles in their polarization and/or activity. Therefore, modulation
of these cytokines could play a role in the observed effects, but it is not clear where,
when and by what cell type(s) this effect could be actuated.
The oligosaccharide mixtures that were studied in this thesis are primarily aimed at
applications in baby food. Therefore, immune-modulatory effects of a novel baby food
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concept were investigated as well. For this purpose, the net effect of all potential
immune-modulating components from this concept were tested in the influenza
vaccination model, with an additional focus on the effects of n-3 and n-6 PUFAs. The
combination of these components, including low doses of PUFAs, induced similar
stimulatory effects on the DTH response as the oligosaccharides alone (chapter 9).
Overall, the immune-modulatory effects of scGOS/lcFOS and pAOS that were observed
in several mice models are promising for the development of new infant formulas,
aimed at minimizing the development of allergies and maximizing the resistance to
infections.
With regard to the underlying mechanism, the observations throughout this thesis raise
two questions: what immunological cell types are affected by the modulatory effects of
the oligosaccharides, and since the oligosaccharides are applied via a mucosal organ
system, how does dietary application lead to modulation of systemic immunity?
Obviously, these are big questions that cannot be answered conclusively on the basis of
the experimental results in thesis. Still, it is interesting to make an attempt at general
‘pattern recognition’ by mirroring the results to the literature.

The role of the intestinal microbiota in the observed effects
As argued in chapter 2, it is possible that dietary oligosaccharides mediate immune
modulatory effects by both microbiota-dependent and –independent mechanisms. In
chapters 3-5, various associations have been observed between microbiota-related
parameters and increases in DTH responses. scGOS/lcFOS, with or without pAOS,
repeatedly stimulated the percentages of intestinal bifidobacteria and lactobacilli.
However, other oligosaccharides and oligosaccharide mixtures led to a variety of
results in chapters 3 and 4; prebiotic effects in fecal or colon samples were observed
with and without simultaneous effects on the DTH response. Moreover, a stimulation
of DTH responses was observed with increasing doses of pAOS (as a single
component), without a measurable effect on colonic bifidobacteria or lactobacilli.
However, it was found in chapter 5 that vaccination responses appeared to be
modulated shortly after the primary vaccination, and that the proportion of lactobacilli
in the cecum correlated best with DTH responses. These results suggest that the
analyses in chapters 3 and 4, performed on colon and fecal samples that were isolated
at the end of a 4-week vaccination schedule, may not have been relevant for studying
the role of the microbiota in the observed effects on the DTH response.
A weak but significant correlation was found between lactobacilli in the cecum and
increased DTH responses (chapter 5). The necessity of a prefeeding period for the
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immune modulatory effect to occur indicates a non-instantaneous effect, which is
suggestive of a microbiota-dependent effect that takes some time to develop.
Additionally, it is known that DTH responses and NK activity are suppressed in
germfree mice (8, 9), and dietary application of various probiotic bacteria have been
reported to enhance NK activity (10, 11), increase DTH responses (12) and reduce
eosinophilic airway inflammation (13) in murine models. Together, these data indicate
that bacterial effects, in a broad sense, are sufficient to induce the observed immunemodulatory effects that are described in this thesis. However, it remains unclear
whether the prebiotic effects on the microbiota were also necessary for all observed
immune-modulatory effects.
No evidence for oligosaccharide-induced microbiota-independent effects was found in
vitro, but only a limited set of assays was performed (chapter 6). A more extensive set
of in vitro experiments is necessary to investigate relevant potential effects on DCs, T
cells and possibly natural killer T (NKT) cells (discussed below).
In summary, no convincing evidence was found in this thesis for microbiotaindependent immune-modulatory effects, while increases in the percentages of
intestinal bifidobacteria and lactobacilli were repeatedly observed in
scGOS/lcFOS(/pAOS)-fed animals. However, the strength of the correlation that was
found between these bacterial parameters and the DTH response suggests that
additional research, aimed at the identification of more specific parameters that show a
strong quantitative relationship with immune modulatory effects, may help to unravel
details of the causative mechanism. Clarification of this issue might also provide an
explanation for the differences that were observed on DTH responses between various
types of supplemented oligosaccharides.

The potential roles of specific cell types in the observed effects
Dendritic cells
DCs have been implicated in chapters 2 and 6 to play a role in the oligosaccharideinduced immune modulation, through microbiota-dependent or –independent
mechanisms. DCs are known to control T-helper cell polarization (14) and to sample
gut content (15). Since they express many PRRs, DCs are potential candidates to play a
role in immune-modulatory effects that are caused by the oligosaccharide mixtures.
DCs could interact with intestinal bacteria, with the carbohydrate structures of the
oligosaccharides themselves or with epithelial cells that are in contact with these
factors, resulting in a modulation of DC function. It has been reported that after having
sampled intestinal bacteria, intestinal DCs are able to migrate to mucosal sites
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including the MLNs, but not to systemic sites (16). Since the MLNs are sites at which
systemic and mucosal immune cells interact, it is possible that the DCs relay immunemodulatory effects in the MLNs over to systemic cells. However, since T cell activation
in the vaccination model is expected to have happened at a site distant from the MLNs,
it is not clear how the relevant DCs and T-helper cells could have interacted. Possibly,
other cells might serve as intermediates between DCs that have interacted with the
intestinal microbiota and T cells that are activated by the vaccination procedure in the
periphery.
+

+

CD4 CD25 regulatory T cells
The original concept of Th1 and Th2 cells describes a functional dichotomy in effector
T-helper cells (17). Although the concept is still valid, it is recognized nowadays that
not all T cell responses are divided into Th1 or Th2 responses in a black-and-white
manner. Moreover, regulatory T cells exert control over both types of responses and
may skew polarization. These cells play a critical role in self-tolerance and the
prevention of autoimmune disorders. Many subsets of regulatory T cell subsets have
been described, including the ‘natural’ thymus-derived CD4+CD25+ T cells and
inducible Th3 and Tr1 CD4+ T cells (18, 19).
Various pre- and probiotics have been shown to ameliorate inflammatory conditions
such as experimentally induced colitis, in combination with increases in IL-10 and/or
TGF-β; cytokines that are associated with regulatory T cells (20-22). In addition,
inhibition of allergic responses has been observed with multiple probiotic strains (13,
23, 24). As a result, it has been hypothesized that pre- and probiotics may exert their
beneficial effects through modulation of immune-regulatory processes, or, to state it in
the context of the hygiene hypothesis, that pre- and probiotics might ameliorate the
state of immunological dysregulation that is held responsible for the increased
incidences of allergies and autoimmune disorders in industrialized countries (25). This
attractive hypothesis automatically leads to the question: could the observed effects of
the dietary oligosaccharide mixtures in this thesis be explained by an effect on
regulatory cells, specifically, on regulatory CD4+CD25+ T cells?
CD4+CD25+ T cells have been shown to play an important role in the OVA allergic
asthma model. Transfer of CD4+CD25+ T cells into OVA sensitized mice reduced
symptoms of allergic asthma (26), while inhibition of CD4 +CD25+ T cells by low-dose
cyclophosphamide or anti-CD25 antibodies has been shown to exacerbate the allergic
condition (27; Schouten and van Esch, personal communication). Therefore, the
observed reduction in parameters of allergic asthma in oligosaccharide-supplemented
animals (chapter 8) could indicate a stimulation of the function of CD4 +CD25+ cells.
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However, such a mechanism is difficult to reconcile with the observed stimulation of
DTH responses in other chapters. Low-dose cyclophosphamide administration prior to
vaccination stimulates DTH responses (28), and similar to what was reported in the
OVA model, this effect has been recently associated with a decrease in number and
function of CD4+CD25+ T cells (29). Moreover, inhibition of DTH responses has been
described by stimulating Foxp3-expressing CD4+CD25+ T cells (30). Thus,
oligosaccharide-induced modulation of CD4+CD25+ regulatory T cell function alone
cannot consistently explain all observed effects.

Natural killer T cells
Other cell types than CD4+CD25+ T cells exert regulatory activities as well. For instance,
regulatory CD8+ T cells and NKT cells have also been described play a role in DTH
responses (31-33). Regulatory activity of NKT cells has been implicated in many
important immunological mechanisms, including self-tolerance, autoimmunity, antitumor responses and microbial interactions (34). These cells express NK receptors and
αβ T cell receptors, either of an invariant (iNKT) or non-invariant type. iNKT cells are
known to be CD1d-restricted and can be activated with glycolipids such as αgalactosylceramide (α-GalCer) to rapidly produce large amounts of both Th1 and Th2related cytokines.
There are interesting parallels between the results in this thesis and the reports on NKT
cell functions. NKT cells do not reach full maturation in C57BL/6 mice before the 10 th
week of age, judged by their ability to produce IFN-γ (35). Blackstock and Murphy
demonstrated that adoptive transfer of mature NKT cells at the time of vaccination
resulted in enhanced DTH responses in young animals to bacterial antigens at day 7. In
contrast, transfer of premature NKT cells from young mice did not lead to enhanced
DTH responses (36). Correspondingly, iNKT cells have been shown to stimulate Th1related immune responses and IFN-γ production by others (37, 38). In the OVA allergic
asthma model, stimulation of iNKT cells with a single dose of α-GalCer has been
shown to reduce allergic airway inflammation drastically (39-41), although it should be
noted that other application schemes were reported to yield the opposite result (42).
With regard to antiviral responses, application of α-GalCer has been shown to activate
NK cell activity in an iNKT-dependent fashion (43, 44). Moreover, in vivo
administration of α-GalCer was shown to reduce early MCMV replication in visceral
organs of C57BL/6 mice, as a result of enhanced NK effector function (45). Overall, the
whole spectrum of immune-modulatory effects that have been described in this thesis
has also been described in association with iNKT activation and function, thereby
qualifying these cells as potential intermediates in the immune-modulatory effects of

196

General discussion

prebiotic oligosaccharides, and possibly of probiotic bacteria as well. In correspondence
with this idea, an increase in the number of hepatic or splenic NKT cells after a dietary
intervention with a prebiotic or probiotic agent is mentioned in two publications (46,
47). In the case of the prebiotic intervention, a stimulation of NK cytotoxicity was
observed in spleen cells as well. Unfortunately, the detailed phenotype of the NKT cells
was not investigated, making it unclear whether these cells were iNKT or non-invariant
NKT cells.
It is unclear how pre- or probiotic agents might affect NKT cells. Although a large
number of intra-epithelial NKT cells in mice express non-invariant T cell receptors,
small percentages of iNKT cells have been found in the small and large intestine
(reviewed in 48). Not much is known yet about the natural ligands for the invariant T
cell receptors of iNKT cells, but these are thought to comprise glycolipid antigens from
Gram-negative bacteria rather than from ‘beneficial’ Gram-positive bacteria such as
bifidobacteria or lactobacilli. In addition, a glycolipid self-antigen may be recognized:
isoglobotrihexosylceramide (reviewed in 49). At present, there is no evidence for direct
effects of pre- or probiotic agents on (i)NKT cells. However, it is possible that indirect
effects might occur through interactions with lamina propria DCs that sample the
intestinal content, or with other cells that interact with the intestinal microbiota (50).
It appears that NKT cells have the means and the opportunity to play a key role in the
immune-modulatory effects of prebiotic oligosaccharides, but are they guilty? One
important point must be taken into account: the literature on iNKT cells is complex and
contains many paradoxical reports, while only a small selection was discussed here.
Because of this situation, there is a risk that ‘just any’ effect may be proven by selective
use of the literature. Therefore, the proposed hypothesis needs to be corroborated with
evidence, before NKT cells can be linked directly to the ‘crime’.

Clinical relevance of the observed immune-modulatory
effects
The oligosaccharide concepts that have been tested in this thesis were developed in the
first place for application in infant milk formula. It has been reported in literature that
breast-feeding reduces the risks of allergy development and the incidence of infections
compared to standard infant formula (51-53). In addition, the incidence of allergies is
rising in western(ized) countries (54). For these reasons, it is important to develop an
improved infant formula for situations in which breast-feeding is not possible, with the
goal to reduce the incidence of allergic sensitization and to increase resistance to
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infection. The enhanced DTH responses and reduced early virus replication in
supplemented young adult mice is consistent with an increased resistance to infections,
whereas the results in the allergic asthma model suggest a reduction in allergic
sensitization or symptoms. Overall, these results correspond well with the described
goal, but are these results, established in mouse models, relevant for the situation in
human infants?
It has been established in chapters 3-5 that the effects of these oligosaccharide mixtures
on the murine intestinal microbiota are comparable to the effects in human infants,
showing that there are clear similarities between the effects in mice and man. Although
the experiments described in this thesis were performed with young adult mice, similar
effects of oligosaccharide supplementation have been observed in vaccinated mouse
pups, indicating that the effects are relevant in early life (S. Hougee, personal
communication). However, the clearest indications of the clinical relevance were shown
in a recent clinical study, in which infants received scGOS/lcFOS or placebo-containing
formula. It was found that the incidence of atopic dermatitis and other allergy-related
parameters were reduced, in combination with a decrease in infectious disease-related
parameters, at least for up to one year after the intervention in the test group (55, 56).
These results show a clear parallel between immunological results in humans and in
the mouse models. Since the effects of pAOS in combination with scGOS/lcFOS in the
animal experiments were more pronounced than with scGOS/lcFOS alone, it is
expected that this will also be the case in humans.
It was argued in chapter 9 that a new, optimal infant formula will likely contain other
potentially immune-modulatory ingredients than oligosaccharides, which are to be
included for immunological and other reasons. Therefore, the immunologically active
ingredients of a novel infant formula concept were tested in a vaccination experiment,
to establish whether interaction effects occurred between the ingredients. It was found
that low doses of n-3 and n-6 PUFA enhanced DTH responses, and surprisingly this
appeared to be caused by n-3 but not n-6 PUFAs in a second experiment. The effect of
the combined concept was very similar to the effects of the oligosaccharide mixture
alone. Therefore, there is no contra-indication for the application of the combined
concept in a novel infant formula, but no additive or synergistic effect was observed
either. The rationale for the inclusion of the non-oligosaccharide ingredients is based on
other considerations than the results from the vaccination experiments. Therefore, this
combined concept will be developed and tested further, with the goal to optimally
support the infant’s immune function and development.
Aside from applications in infant formula, scGOS, lcFOS and/or pAOS appear
promising as well for application in situations of decreased resistance to infection, such
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as in cancer patients or HIV-infected individuals.

Potential effects on autoimmune processes
Since the discovery of Th1 effector cells in experimental autoimmune models such as
experimental autoimmune encephalomyelitis (EAE) and type-I non-obese diabetic
(NOD) mice, (uncontrolled) Th1 immune responses have been associated with
autoimmunity. At first, it was believed that Th1 responses were detrimental in
autoimmune reactions, whereas Th2 responses could ameliorate the condition (57). Not
much later, it became clear that this view was too simplistic, as uncontrolled Th2
responses could also lead to autoimmune problems (58). More recently, paradoxical
observations with regard to the role of Th1 cytokines in autoimmune disease models
(59) have led to a new theory, involving IL-17 producing T-helper cells. These so-called
Th17 cells are thought to constitute a new T-helper cell subset apart from Th1, Th2 and
regulatory T cells, which have been suggested to induce pathology in EAE and arthritis
models instead of Th1 cells (60, 61). As a result, it is not clear that a stimulation of Th1related immune responses will lead to an increased risk of autoimmune disease.
On the other hand, any agent or therapy that modulates immune function may
potentially modulate autoimmune processes. Therefore, it is necessary to evaluate the
likelihood that application of prebiotic oligosaccharides might lead to increases in the
incidence or severity of autoimmune disorders. In the case of probiotic bacteria,
concern has been expressed about the safety and the potential effects on autoimmune
disorders (62). Opposing results with probiotic intervention have been reported in
autoimmune models (63-65), possibly being related to strain-specificity of the effects
and/or to differences in the models and experimental procedures. Prebiotic agents
differ fundamentally from probiotic bacteria in the sense that no new strains of bacteria
are introduced. The modulation of the microbiota is solely induced by providing an
altered bacterial substrate, resulting in a selective pressure that favors ‘beneficial
bacteria’, increasing both the amount and the metabolic activity of these bacteria. Still,
the question remains whether prebiotics might possibly affect parameters of
autoimmunity.
The immunological effects of combinations of scGOS, lcFOS and pAOS were rather
subtle compared to pharmacological immune modulators such as α-GalCer (39-41). No
increases in Th1-related cytokines were observed, and stimulatory effects on DTH
responses were only found in Th1-prone C57BL/6 mice, but not in Th2-prone Balb/c
mice. Therefore, the chance of inducing autoimmunity is argued to be low. In
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correspondence with this idea, supplementation with α-GOS has been reported to
ameliorate autoimmune arthritis in rats (66). The same authors also demonstrated that
this prebiotic agent could reduce allergic airway eosinophilia (67), resembling the
effects in chapter 8. In contrast, no literature was found in which prebiotic agents were
shown to exacerbate autoimmune diseases.
In the case of scGOS/lcFOS, a mixture that is applied already on a wide scale in infant
formulas, it was shown that the intestinal microbiota of human infants were modulated
in infants that received the oligosaccharides, resulting in a closer resemblance of the
microbiota in breast-fed infants (6). The results of a recent trial suggest that application
of scGOS/lcFOS in infant formula results in similar anti-allergic and anti-infections
effects as have been associated with breast-feeding (51-53), while no adverse effects
were observed (55, 56). Thus, both in a microbiological and immunological sense, the
addition of scGOS/lcFOS to infant formula is suggested to make it more similar to the
golden standard, breast milk, and is therefore regarded as safe.
The addition of pAOS to the prebiotic mixture to further mimic the composition of
breast milk (the golden standard) enhanced immune-modulatory effects, particularly
with regard to DTH responses (chapter 4). Although it is maintained that the risk of
increasing the incidence of autoimmune disorders with these oligosaccharides is low as
was discussed above, the (immunological) safety of pAOS is currently being assessed
with the most appropriate means that are currently available. pAOS has been identified
as a ‘novel food’ by the designated Dutch authority (Dutch Novel Food Committee),
thereby requiring careful evaluation and documentation of safety aspects by
toxicologists.
Since it is difficult to study effects of (food) components on autoimmune mechanisms
in humans, one option is to test pAOS in animal models of autoimmune disease, either
as a single component or in combination with scGOS/lcFOS. A potential advantage of
such research might be that if the hypothesized involvement of NKT cells is true (68),
or if prebiotics could ameliorate a state of immune dysregulation as has been proposed
(25, 65), parameters of autoimmunity may be inhibited rather than stimulated, thereby
providing even more support for application in humans. Because the oligosaccharide
mixtures are primarily aimed at applications in infant formula, such an experiment
should be focused on potential effects of oligosaccharides on the incidence of
autoimmunity, rather than on the severity of a pre-existing autoimmune disorder. A
model should be chosen that features spontaneous development of autoimmunity, such
as the development of diabetes in NOD mice. In addition to diabetes, these mice have
been shown to be prone to a variety of autoimmune disorders. Genetic research has
shown that this susceptibility to autoimmune disorders is a complex, multi-factorial
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phenomenon. Immunologically, many important processes have been shown to play a
role in determining the disease course, including antigen presentation, T cell selection,
regulatory T cell and NKT cell function (69). This level of complexity and the many
levels of regulation that are present make it a suitable model for studying potential
effects of (food) components on autoimmune processes. However, as is the case for all
animal models, the process of diabetes development in NOD mice is not 100% identical
to the situation in humans (70). Therefore, results in this model should not be
interpreted in the first place as a specific model for type-I diabetes, but as a general
model for studying the development of autoimmune disorders. The use of
experimentally-induced autoimmunity models is discouraged for this specific purpose,
as the key process in the development of autoimmunity, namely the breach of selftolerance, is highly manipulated. A vaccination with self-antigens is often applied in
induced models, combined with potent adjuvants, making it unclear whether
differences in the onset of disease are due to a modulated vaccination response, or to a
loss of regulatory activity that normally protects the host from autoimmunity.
The low incidence and late onset (compared to age at which infant formula is
consumed) of autoimmune disorders makes it practically impossible to study potential
effects of an oligosaccharide-supplemented formula in a prospective clinical trial, since
it would require multiple decades of follow-up and an unrealistically high number of
study participants. A post-marketing follow-up strategy is considered a highly relevant
alternative that will be applied to monitor this issue.

Conclusion and recommendations for future research
In conclusion, dietary supplementation of mice with combinations of scGOS, lcFOS and
pAOS was shown to result in systemic immune modulation. The effects were consistent
with a shift in the Th1/Th2 balance towards Th1-related immunity and were
accompanied by changes in the microbiota. Both the immunological and
microbiological effects were consistently observed in mice and man (see Fig. 1). The
reduced allergy- and infection-related parameters that were observed in scGOS/lcFOSreceiving infants indicate that the observed effects in the animal studies are clinically
relevant. Moreover, the results suggest that application of the oligosaccharide mixtures
in infant formula may help to make it more similar to breast milk from an
immunological point of view.
Many questions remain with regard to the underlying working mechanism. Additional
research is recommended to establish whether the intestinal microbiota are necessary

201

Chapter 10

Benefits for the child
Allergies and related symptoms ↓
Incidence of infections ↓
Breast-fed-like microbiota

Microbiological effects

Immunological effects

↑↓

↑↓

‘Beneficial’
bacteria

↑

Ref 6,
7, 69

Intestinal
pathogens

↓

Ref 70

Fecal pH

↓

Ref 6,
71

Ch 3

Ref 6,
71

Ch 3

Altered SCFA
profile

Ch 3-5

Th1 responses
(DTH)

↑/↑↑*

Infection-related
parameters

↓

Ref
55, 56

Ch 7*

Allergy- and
Th2-related
parameters

↓

Ref
55, 56

Ch 8, Ch 4*

sIgA production

↑

Ref 5

NK activity

↑*

Ch 3-5, 9

UpD,
Ch 7?

Dietary application of scGOS/lcFOS(/pAOS*)

Figure 1. ‘Pyramid of evidence’ of the most important microbiological and immunological effects in vivo of
scGOS/lcFOS(/pAOS). The addition of scGOS/lcFOS to infant formula has been shown to result in various
benefits in clinical trials. The most relevant microbiological and immunological effects of dietary scGOS/lcFOS
in human infants (literature) and in animal models (this thesis) are listed in the middle section of this schematic
overview. These effects are thought to contribute to the benefits that are listed in the top panel, although
additional mechanisms might play a role as well. The addition of pAOS to the scGOS/lcFOS mixture has been
studied in animal experiments in this thesis; the results that refer only to this extended prebiotic concept are
marked with an asterix. ↑ indicates an upregulation or increase in the parameter, ↓ a downregulation or
decrease. Abbreviations: Ref = literature reference; Ch = chapter in this thesis, UpD = unpublished data. The
question mark in the reference to chapter 7 denotes the fact that it was hypothesized that NK activity was
enhanced, not proven conclusively.

for all immunological effects. For this purpose, germfree mice or systemically
administered oligosaccharides could be used to study effects on DTH responses. In
addition, more sophisticated in vitro assays could be performed. The involvement of
NKT cells may be tested by studying NK1.1+ cell-depleted mice, or by using genetically
engineered mice such as CD1d knockout mice. Finally, application of the
oligosaccharide mixtures in several human patient groups appears promising. Clinical
trials are currently being planned and performed to investigate the effects.
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Summary
Pre- and probiotics receive much attention nowadays with regard to their healthpromoting and immune-modulatory properties. In literature, the oligosaccharides in
breast milk have been described as the first prebiotic agents that newborns encounter in
life, due to their stimulative effect on the number of bifidobacteria in the infant’s large
intestine. Because there are situations in which it is not possible or preferable to breastfeed infants, it is important that there are infant milk formulas that offer the best
possible functional alternative. With this goal, an oligosaccharide concept was
previously developed (Immunofortis) for application in infant milk formulas. This
mixture, consisting of short-chain galactooligosaccharides and long-chain
fructooligosaccharides in a 9:1 ratio (scGOS/lcFOS), was shown to have a similar
bifidogenic effect on the composition of the microbiota in infants as breast milk.
Not only do the intestinal microbiota play an important role in digestion, they also
interact with cells of the immune system. Moreover, correlations have been described
in literature between breast feeding and/or the intestinal microbiota on the one hand,
and the incidence of infections and atopic reactions on the other hand. For these
reasons, the hypothesis was proposed that specific mixtures of oligosaccharides, based
on the scGOS/lcFOS mixture, might induce immune-modulatory effects, leading to a
reduction in the incidence of infections and atopic reactions.
The specific goal of the work described in this thesis was to investigate the immunemodulatory effects of specific mixtures of oligosaccharides that are suitable for
application in infant nutrition. To reach this goal, animal studies and a limited number
of in vitro experiments have been carried out, with a focus on functional changes in the
immune system and the consistency of these effects in multiple mouse models. The
existing literature on immune-modulatory effects of oligosaccharides and other nondigestible carbohydrates (NDC) was reviewed broadly in chapter 2. One of the
important findings was that there are indications for direct, microbiota-independent
immune-modulatory effects of NDC, in addition to the more widely accepted
microbiota-dependent immunological effects. However, the amount of publications
that focus on the underlying mechanism of observed immune-modulatory effects is
very limited. Therefore, an attempt was made in this thesis to gain more insight into
this mechanism by studying correlations between effects on the microbiota and the
immune system, as well as by performing a limited number of in vitro experiments.
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In order to study the immunological effects of specific mixtures of oligosaccharides, an
influenza vaccination model was set up in C57BL/6 mice (chapter 3). The vaccination
response in this model was regarded to be representative of the functional status of the
immune system in general. The delayed-type hypersensitivity (DTH) response, an in
vivo T-helper1 (Th1) dependent immune respone, was the most important parameter in
this model, but additional immunological and microbiological parameters were
quantified as well.
Addition of scGOS/lcFOS to the diets, in amounts that are relevant for application in
infant nutrition, led to significantly increased DTH responses after vaccination. Other
oligosaccharides did not induce this effect, showing a degree of specificity in the
immunological effects of dietary oligosaccharides. Increases in the percentages of
bifidobacteria and lactobacilli were observed in mice with increased DTH responses,
but the inverse relationship was not always found. This suggests that a prebiotic effect
alone is not sufficient for the immunological effect (chapter 3).
The results of chapter 4 correspond well with these findings. In addition to the
scGOS/lcFOS concept, pectin-derived acidic oligosaccharides (pAOS) were tested in the
vaccination model. When pAOS was added as a single component to the diet, a
significant dose-dependent increase in DTH response was observed, as well as a
decrease in ex-vivo Th2 cytokine production. However, no significant changes were
observed on the microbiological parameters in these mice. A combination of pAOS and
scGOS/lcFOS led to a large increase in DTH response that suggested a form of synergy,
which was accompanied by an increase in bifidobacteria and lactobacilli in the feces.
Overall, the results chapters 3 and 4 are consistent with an oligosaccharide-induced
shift in the Th1/Th2 balance towards Th1-mediated immunity in C57BL/6 mice. Since
Th1 responses are weak in early life, these results are promising for applications in
infant nutrition, with the goal to reduce the incidence of allergies and increase
resistance to infections.
Additional vaccination experiments are described in chapter 5, in which the
relationship between the effects on the microbiota composition and the immune system
was studied. In an initial experiment, the timing of scGOS/lcFOS/pAOS
supplementation relative to the vaccination schedule was varied. The results indicated
that it is necessary to start supplementation before the first vaccination, in order to
obtain a significant increase in DTH response to vaccination. However,
supplementation during the second half of the vaccination schedule is not necessary for
this effect to occur. These results strongly suggest that the oligosaccharide-induced
immune-modulatory effect occurs during the priming phase of the immune response.
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Subsequently, a shortened vaccination experiment was performed to study the
correlation between microbiological and immunological parameters shortly after
priming. Multiple regression analysis revealed a significant correlation of the DTH
response with the percentage of lactobacilli in the cecum, even independently from the
oligosaccharide supplementation. Yet, this correlation was not strong and the results
suggest that other, unanalyzed parameters played a role as well.
A limited set of in vitro experiments is described in chapter 6. The goal of these
experiments was to find evidence for microbiota-independent immune-modulatory
effects of the oligosaccharides that had been studied in vivo. No evidence was found for
such effects on parameters of human T cell function, NK-activity or dendritic cell
maturation. However, the lack of evidence in this limited set of experiments does not
provide definite proof that microbiota-independent effects of these oligosaccharides do
not occur.
In addition to the murine vaccination experiments, disease-specific animal models have
been used to study the immune-modulatory effects of the specific mixtures of
oligosaccharides. The effects of scGOS/lcFOS/pAOS in a murine cytomegalovirus
(MCMV) model is described in chapter 7. It was found that the viral load was
significantly reduced in multiple organs early after infection in supplemented animals
(C57BL/6) compared to controls. Together with the lower incidence of detectable
infectious virus in the liver and increasing trends in interferon-α and –γ, these data
suggest that the oligosaccharides stimulate innate immunity and NK-activity, leading
to a reduction in early virus replication. No major effects were observed on MCMVspecific DTH responses in C57BL/6 mice. In BALB/c mice, no significant effects were
observed on viral parameters or DTH responses.
It is well-known that BALB/c mice are more Th2-prone than C57BL/6 mice. Therefore,
the specific mixtures of scGOS/lcFOS and pAOS were tested in an ovalbumin (OVA)induced model of respiratory allergy, to test the effects on a Th2-related immune
response. Supplementation with both scGOS/lcFOS and scGOS/lcFOS/pAOS resulted in
significant decreases of respiratory allergy-related parameters, which appeared to be
more pronounced in the latter supplementation group. These results show that the
immunological effects of specific oligosaccharide mixtures in BALB/c mice are
consistent with a shift in the Th1/Th2 balance towards Th1-related immunity, leading
to a decrease in the magnitude of Th2 responses.
In chapter 9 a novel concept for infant nutrition, consisting of multiple potentially
immune-modulatory ingredients, was tested in the influenza vaccination model. Poly-
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unsaturated fatty acids (PUFA) were part of this concept, because of the beneficial
effects on the development of allergies and other parameters that have been described
in literature. However, it has also been reported n-3 PUFAs can suppress Th1-related
immune parameters. Therefore, the net effect of the total combination of ingredients
was studied, to ascertain that the effects of separate ingredients would not cancel each
other out. Unexpectedly, a combination of low doses of n-3 and n-6 PUFAS, as well as
n-3 PUFAs alone led to a significant increase in the DTH response after vaccination.
The effect of supplementation with a specific mixture of oligosaccharides induced a
larger increase in DTH response, comparable in magnitude to the effect of the total
combination of ingredients. These results show that, similar to the effects of the specific
oligosaccharide mixtures, the total concept holds promise for reducing the incidence of
allergies and increased resistance to infections in infants.
In conclusion, the results in this thesis show that dietary supplementation with
combinations of scGOS, lcFOS and pAOS induces systemic immune-modulatory effects
in multiple mouse models. These immunological effects are consistent with a shift in
the Th1/Th2 balance towards Th1-related immunity, although the results in the MCMV
model suggest a stimulation of NK-activity as well. Many questions regarding the
precise mechanism behind the immune-modulatory effects have not been answered in
this thesis. Additional research is recommended to investigate the potential role of
NKT or other regulatory cells in the observed effects, as well as the biological relevance
of microbiota-independent effects on the immune system.
The results from clinical studies with scGOS/lcFOS-supplemented infants, in
combination with the results in this thesis, show the consistency of the oligosaccharideinduced immunological and microbiological effects in mice and man. The observed
reduction in infection- and atopy-related parameters in scGOS/lcFOS-supplemented
infants suggests that the application of these oligosaccharides can contribute in a
positive way to making infant nutrition more similar to breast milk from an
immunological point of view. Additionally, the immunological effects of specific
mixtures of oligosaccharides are promising for application in specific nutritional
products for adult target groups, such as patient groups that suffer from the
consequences of a reduced resistance to infection. Clinical trials with regard to this
topic are currently being planned and executed.
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Pre- en probiotica staan tegenwoordig in de belangstelling vanwege de
gezondheidsbevorderende en immuunmodulerende eigenschappen die eraan worden
toegeschreven. Een belangrijke overeenkomst tussen deze voedingscomponenten is dat
ze de samenstelling en/of het metabolisme van de micro-organismen (microbiota) in de
darm beïnvloeden. De oligosacchariden in moedermelk zijn in de literatuur aangeduid
als de eerste natuurlijke prebiotica die pasgeborenen in hun voeding kunnen
tegenkomen, vanwege het stimulerende effect ervan op het aantal bifidobacteriën in de
dikke darm. Omdat er situaties voorkomen waarin het niet mogelijk of wenselijk is om
borstvoeding te geven aan zuigelingen, is het belangrijk dat er alternatieve
zuigelingenvoedingen beschikbaar zijn die functioneel zoveel mogelijk gelijk zijn aan
borstvoeding. Hiertoe is voorafgaand aan het werk hier beschreven een
oligosaccharidenconcept ontwikkeld (Immunofortis, voorheen aangeduid met de
afkorting GOS/FOS) voor toepassing in babyvoeding, waarvan is aangetoond dat het
een soortgelijk stimulerend effect heeft op bifidobacteriën in zuigelingen als
borstvoeding. Dit concept omvat een mix van korte-keten galacto-oligosacchariden en
lange-keten fructo-oligosacchariden in een verhouding van 9:1 (scGOS/lcFOS).
De microbiota in de darm spelen niet alleen een belangrijke rol in de menselijke
spijsvertering, maar interacteren ook met cellen van het immuunsysteem, waarvan een
groot deel in en rond de darmen gelocaliseerd is. In de literatuur zijn er verbanden
beschreven tussen borstvoeding en/of de samenstelling van de microbiota enerzijds en
het optreden van infecties en allergische reacties anderzijds. Om deze redenen is de
hypothese gevormd dat specifieke mengsels van oligosacchariden, gebaseerd op het
scGOS/lcFOS concept, mogelijk immuunmodulerende effecten kunnen hebben die
resulteren in een vermindering van het ontstaan van allergische reacties en een
verhoging van de weerstand tegen infecties.
Het specifieke doel van het werk in dit proefschrift was het onderzoeken van de
immuunmodulerende eigenschappen van specifieke oligosaccharidenmengels die
kunnen worden toegepast in zuigelingenvoeding. In dit kader zijn dierstudies en een
beperkt aantal in vitro experimenten uitgevoerd. De nadruk lag hierbij op het
onderzoeken van functionele veranderingen in het immuunsysteem en op de
consistentie van deze effecten in verschillende muismodellen. In hoofdstuk 2 is een
brede inventarisatie van de literatuur over immuunmodulerende eigenschappen van
verschillende oligosacchariden en andere vezels beschreven. Hieruit is onder meer
gebleken dat er niet alleen aanwijzingen zijn voor indirekte immunologische effecten
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die worden geïnduceerd via veranderingen in de microbiota, maar ook voor directe,
microbiota-onafhankelijke effecten. Er zijn echter maar weinig studies gepubliceerd
waarin het onderliggende werkingsmechanisme specifiek is onderzocht. Daarom is er
in dit proefschrift ook aandacht besteed aan het werkingsmechanisme dat ten
grondslag ligt aan de immunologische effecten, door de correlatie te bestuderen tussen
de effecten op het immuunsysteem en de veranderingen in de microbiota, en door
verkennende in vitro experimenten uit te voeren.
Om de immunologische effecten van scGOS/lcFOS en andere oligosaccharidenmengsels te testen is een influenza vaccinatiemodel opgezet in C57BL/6 muizen
(hoofdstuk 3). Hierbij is de vaccinatie beschouwd als een model-immuunrespons, die is
gebruikt als uitleessysteem voor de algemene status van het immuunsysteem in de
muizen. Een belangrijke parameter in dit model is de vertraagd-type
overgevoeligheidsreactie (DTH respons) die specifiek is voor het vaccin en in vivo
gemeten wordt. Deze DTH respons is een T-helper1 (Th1) gemedieerde immuunreactie,
een type afweerreactie die van belang is voor de cellulaire immuniteit, zoals de afweer
tegen virussen. Th1 reacties staan in balans met T-helper2 (Th2) responsen, die onder
andere een rol spelen bij (het ontstaan van) allergieën. Omdat Th1 responsen vlak na de
geboorte nog slecht ontwikkeld zijn, is de Th1/Th2 balans in het vroege leven
verschoven richting Th2 reacties. In het vaccinatiemodel zijn er naast DTH responsen
en additionele immunologische parameters ook microbiologische parameters gemeten
in de muizen, om de relatie tussen deze parameters te onderzoeken.
Toevoeging van het scGOS/lcFOS mengsel aan het muizendieet, in hoeveelheden die
relevant zijn voor toepassing in babyvoeding, veroorzaakte een significante verhoging
van de DTH respons na vaccinatie. Vergelijkbare doses van andere oligosacchariden
vertoonden dit effect niet, waaruit kan worden opgemaakt dat de immunologische
effecten van verschillende oligosacchariden een mate van specificiteit vertonen. De
toename in DTH respons ging gepaard met een toename van het percentage
bifidobacteriën en lactobacillen in de feces. Echter, de omgekeerde relatie bleek niet in
alle gevallen meetbaar te zijn. Dit suggereert dat een prebiotisch effect alleen niet
voldoende (sufficient) is voor het veroorzaken van een immunologisch effect
(hoofdstuk 3).
Ook bevindingen in hoofdstuk 4 zijn hiermee in overeenstemming. In uitbreiding op
het scGOS/lcFOS oligosaccharidenconcept zijn er van pectine afgeleide zure
oligosacchariden (pAOS) getest in het vaccinatiemodel. Als enkele toevoeging aan het
dieet induceerde pAOS een significante dosis-afhankelijke toename in de DTH respons,
zonder dat er een significant effect op de microbiologische parameters kon worden
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gemeten. Consistent met een verschuiving in de Th1/Th2 balans werd er in dit
experiment naast een verhoogde (Th1-afhankelijke) DTH respons ook een verlaagde ex
vivo productie van Th2 cytokines gemeten door vaccin-gestimuleerde miltcellen. Een
combinatie van pAOS met scGOS/lcFOS gaf een onverwacht grote verhoging van de
DTH respons, hetgeen een vorm van synergie suggereert en samen ging met een
verhoging van het percentage bifidobacteriën en lactobacillen in de feces na 6 weken
oligosaccharidensuppletie. Samengenomen zijn de resultaten van hoofdstukken 3 en 4
consistent met een verschuiving in de Th1/Th2 balans richting Th1-gemedieerde
responsen, veroorzaakt door combinaties van scGOS/lcFOS met of zonder pAOS.
Vanwege de slecht ontwikkelde Th1-responsen in het vroege leven zijn deze resultaten
veelbelovend voor toepassing in babyvoeding, met het doel om het ontstaan van
allergieën en het optreden van infecties te verminderen.
Om de relatie tussen de effecten op de microbiota en het immuunsysteem verder te
bestuderen zijn er vaccinatie-experimenten uitgevoerd met het oligosaccharidenmengsel dat het meest effectief bleek in het verhogen van de DTH-respons na
vaccinatie: scGOS/lcFOS in combinatie met pAOS (hoofdstuk 5). Allereerst is de timing
van de oligosaccharidensuppletie gevarieerd ten opzichte van het vaccinatieschema. De
resultaten gaven aan dat suppletie voorafgaand aan de primaire vaccinatie
noodzakelijk is voor een significant verhoogde DTH respons aan het einde van het zesweekse vaccinatieschema. Anderzijds is suppletie gedurende de tweede helft van het
vaccinatieschema hiervoor niet noodzakelijk gebleken; een sterke aanwijzing voor het
optreden van de oligosacchariden-geïnduceerde modulatie tijdens de primingsfase van
de immuunrespons. Om zo kort mogelijk na de primingsfase de correlatie tussen de
microbiologische en immunologische effecten te kunnen meten, is een verkort
vaccinatie-experiment uitgevoerd met hetzelfde oligosaccharidenmengsel. Uit
multiple-regressie analyse van de DTH resultaten tegen verschillende microbiologische
parameters bleek dat het percentage lactobacillen in het cecum een significante
correlatie vertoonde met de DTH-respons, zelfs onafhankelijk van de
oligosaccharidensuppletie. Evenwel was de correlatie niet heel sterk en duidden de
resultaten tevens op een rol van andere, niet analyseerde parameters.
In hoofdstuk 6 staan verschillende in vitro studies beschreven waarin gezocht is naar
microbiota-onafhankelijke effecten van oligosacchariden op cellen van het
immuunsysteem. Hiertoe zijn verschillende typen humane immuuncellen direct
geïncubeerd met oligosacchariden. In perifeer bloed mononucleaire cellen (een mengsel
van voornamelijk monocyten, T, B en natural killer (NK) cellen) zijn geen functionele
verschillen gevonden in parameters van T cel functie en NK-activiteit. Ook zijn er geen
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effecten gevonden op parameters van dendritische cel maturatie. Echter, het feit dat er
geen aanwijzingen zijn gevonden vormt vanzelfsprekend geen bewijs voor de totale
afwezigheid van microbiota-onafhankelijke immunologische effecten.
Naast de influenza vaccinatie-experimenten zijn de oligosaccharidenmengels ook in
ziekte-specifieke diermodellen getest, om de functionele effecten van suppletie op
parameters van virusinfecties en allergieën te testen. In hoofdstuk 7 zijn de resultaten
beschreven van suppletie met een combinatie van scGOS/lcFOS en pAOS in een murine
cytomegalovirus (MCMV) infectiemodel, zowel in C57BL/6 als in BALB/c muizen. In
C57BL/6 muizen bleek de virusload kort na infectie in meerdere organen significant
lager te zijn in gesuppleerde dieren dan in controledieren. Tevens was het aantal dieren
met een meetbare hoeveelheid infectieus virus in de lever op verschillende dagen na
infectie verlaagd in de gesuppleerde groep. In deze groep werd ook een trend
waargenomen van verhoogde interferon-α en –γ concentraties in het serum. Dit zou
kunnen duiden op een verhoogde activiteit van het ‘innate’ immuunsysteem,
resulterend in een verhoging van de NK-activiteit en een remming van vroege
virusreplicatie. Er zijn geen grote verschillen gevonden in virus-specifieke DTH
responsen. In tegenstelling tot de resultaten in C57BL/6 muizen zijn er in BALB/c
muizen geen significante effecten van de oligosaccharidensuppletie waargenomen in
dit model.
Het is bekend dat er immunologische verschillen bestaan tussen C57BL/6 en BALB/c
muizen; de eerstgenoemden zijn goede Th1-responders en de laatstgenoemden zijn
betere Th2-responders. Om te onderzoeken of effecten in BALB/c muizen wel
consistent zijn met de eerder gevonden verschuiving in de Th1/Th2 balans, zijn de
oligosacchariden in het ovalbumine-geïnduceerde allergische astma model in BALB/c
muizen getest (hoofdstuk 8), waarin Th2-responsen een grote rol spelen. In dit model
induceerden scGOS/lcFOS en scGOS/lcFOS/pAOS een significante remming op
verschillende allergie-gerelateerde luchtwegparameters. Ook werd er een trend
waargenomen van verlaagde ovalbumine-specifieke immunoglobuline E concentraties
in het serum. De resultaten suggereerden dat het allergie-remmende effect van
scGOS/lcFOS/pAOS sterker was dan van scGOS/lcFOS, echter, door de opzet van de
studies kon deze vergelijking niet direct worden gemaakt. Tezamen tonen deze
resultaten
aan
dat
de
immunologische
effecten
van
de
specifieke
oligosaccharidenmengsels in BALB/c muizen consistent zijn met een verschuiving in de
Th1/Th2 balans richting Th1, waarbij Th2 responsen worden geremd.
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Als laatste is een nieuw te ontwikkelen babyvoeding-concept getest in het influenza
vaccinatiemodel (hoofdstuk 9), bestaande uit meerdere potentieel immuunmodulerende stoffen. Meervoudig onverzadigde vetzuren (PUFA) maakten deel uit
van dit concept, waarvan in de literatuur gunstige effecten op de ontwikkeling van
allergieën en andere parameters zijn beschreven. Echter, van n-3 (‘omega-3’) PUFA’s is
ook gerapporteerd dat ze een onderdrukkende werking kunnen hebben op Th1responsen. Daarom is het netto effect van de totale combinatie van ingrediënten
bestudeerd, om te controleren of de afzonderlijke componenten elkaars werking niet
(deels) zouden opheffen. Enigszins onverwacht leidde dieetsuppletie met lage doses
van een combinatie van n-3 en n-6 PUFA’s, of met n-3 PUFA’s alleen tot een significant
verhoogde DTH respons na vaccinatie. Het effect van oligosaccharidensuppletie leidde
tot een groter effect op de DTH respons, vergelijkbaar met de combinatie van alle
ingrediënten tezamen. Deze resultaten tonen aan dat het nieuwe concept veelbelovend
is voor de ontwikkeling van een nieuwe babyvoeding, met het specifieke doel om de
weerstand tegen infecties te verhogen en het ontstaan van allergieën tegen te gaan.
In totaliteit leiden de resultaten in dit proefschrift tot de conclusie dat dieetsuppletie
met combinaties van scGOS, lcFOS en pAOS systemische immuunmodulerende
effecten veroorzaakt in meerdere experimentele diermodellen. Deze immunologische
effecten zijn consistent met een verschuiving in de Th1/Th2 balans richting Th1responsen, al wijzen de resultaten in het MCMV-model tevens in de richting van een
stimulatie in NK-activiteit. Aan het einde van dit proefschrift blijven veel vragen over
het precieze werkingsmechanisme achter de immunologische effecten onbeantwoord.
Additioneel onderzoek wordt aanbevolen om te onderzoeken of NKT-cellen of andere
regulerende cellen hierbij betrokken zijn en of microbiota-onafhankelijke effecten op
het immuunsysteem een rol spelen.
De resultaten uit klinische studies met scGOS/lcFOS gesuppleerde zuigelingen, in
combinatie met de resultaten uit dit proefschrift, tonen de consistentie aan van
oligosacchariden-geïnduceerde effecten in mens en dier, zowel in immunologisch als
microbiologisch opzicht. De vermindering in het aantal infectie- en allergiegerelateerde parameters die is waargenomen in scGOS/lcFOS-gesuppleerde
zuigelingen suggereert dat toepassing hiervan kan bijdragen aan het maken van
babyvoeding die in immunologisch opzicht meer op borstvoeding lijkt. Tevens zijn de
immunologische effecten van oligosacchariden veelbelovend voor toepassing in
specifieke voedingen voor volwassenen, bijvoorbeeld voor specifieke patiëntgroepen
waarin de immuunfunctie ondersteund dient te worden. Klinische studies op dit
gebied worden op dit moment gepland en uitgevoerd.
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Zo, lieve kijkbuiskinderen, het zit erop! Onder het motto: ‚soms duurt het even, maar
dan heb je ook wat‛ verzamel ik hier de laatste woorden ter afsluiting van mijn boekje
en – met gevoel voor drama – van een persoonlijk tijdperk. Gek. Lang heb ik er naar
uitgezien, meer dan eens betwijfeld of het ervan zou komen, en nu is het dan zo ver.
Een gevoel van voldoening, een vleugje nostalgie, maar vooral is het nog onwerkelijk
dat ik straks het achterhoofdgevoel kwijt zal zijn van ‘ja maar, ik moet eigenlijk nog
schrijven’.
Gezien het verloop van mijn werkzaamheden bij Numico Research - binnenkort
Danone Research - heeft het wat langer dan gemiddeld geduurd voordat mijn
proefschrift klaar was. In die tijd is er veel gebeurd, met verschillende hoogte- en
dieptepunten, zowel op het werk als in mijn privéleven. Er zijn veel mensen die daarbij
een belangrijke rol hebben gespeeld en die ik hiervoor expliciet wil bedanken.
Overigens heeft de oplettende lezer wellicht opgemerkt dat ik in de afzonderlijke
hoofdstukken geen acknowledgements heb opgenomen; dit is geen blijk van gebrek
aan erkenning, maar een keuze om deze bijdragen hier wat persoonlijker te benoemen.
Laat ik beginnen bij mijn collega’s, de mensen die in het verleden meer dan eens zijn
aangeduid met de illustere naam ‘Numicoters’. Gedurende de ruim negen jaar dat ik
hier aan het werk ben heb ik de algemene sfeer onder collega’s altijd erg gewaardeerd.
Op momenten dat het werk tegenzat was de gezelligheid en frisheid van deze relatief
jonge groep mensen een belangrijke motivatie om door te gaan.
Aan het begin van mijn aanstelling speelde Yvo Graus een grote rol. Yvo, bedankt voor
de goede begeleiding, gezelligheid op de kamer (ik hoop dat er op je huidige werkplek
minder irritante vliegen zijn) en het zorgen voor een goede uitgangssituatie, waardoor
ik later het werk kon uitvoeren dat in dit boekje beschreven staat.
En toen kwam Laura. Nou ja, je was er al een tijd, maar na het vertrek van Yvo kwam
ik onder jouw vleug’len. Ik denk dat we behoorlijk verschillende persoonlijkheden zijn,
hetgeen naar mijn mening heel positief heeft uitgewerkt vanwege een mate van
complementariteit. Dank voor je enthousiasme, je motivatie in tijden van experimentele
tegenspoed, je kwaliteiten om dingen geregeld te krijgen, je geduld wanneer ik weer
eens was gaan twijfelen aan de handigheid van een eerder bedachte aanpak, je inbreng
in dit proefschrift en bovenal de prettige samenwerking door de jaren heen. Super.
Johan, ook jouw bijdrage aan dit werkje was cruciaal. Je enthousiasme is legendarisch,
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net als je DTH kunsten. De vele dagen dat we samen op het CKP waren voor de
oormetingen, je supervisie van mijn werk en de sectie in het algemeen, etc. etc.; het was
bijzonder nuttig en aangenaam tegelijk. Geweldig dat je mijn promotor bent!
Verbonden aan Numico noch Danone, maar toch jarenlang op afstand betrokken bij het
onderzoek was jij, Henk. Je kritische, onafhankelijke blik op het onderzoek en mijn
schrijverijen heb ik als zeer waardevol ervaren. Dank voor je inbreng in mijn
publicaties, waarvoor je genoegen nam met een eervolle vermelding in de
acknowledgements. Co-auteurschappen zijn voor heel wat minder opgeëist. Hopelijk
biedt de erkenning van je rol in dit boekje, als eerste promotor, een mooi tegenwicht.
Onder de collega’s aan de Bosrandweg is het natuurlijk al jaren een publiek geheim dat
de immunologie sectie de leukste is ;-). Ik heb het er dan ook al tijden naar mijn zin en
wil alle past & present sectiegenoten bedanken voor de goede sfeer, collegialiteit, het af
en toe even lekker mopperen en dan weer de schouders eronder zetten, de coole uitjes,
te veel om op te noemen. Velen van jullie hebben mij door de jaren heen geweldig
geholpen met allerlei werkzaamheden, niet in de laatste plaats op de vele ‘prakdagen’
waarvoor ik verantwoordelijk ben geweest. Karen, ik heb het niet precies bijgehouden,
maar misschien heb jij wel de meeste daarvan meegemaakt. Annemarie, Joyce, Suzan
en vele anderen hebben daar ook aan bijgedragen, of die experimenten nu wel of niet in
mijn boekje terecht zijn gekomen. Ook al was de planning van die dagen niet het
populairste werk, de dagen zelf waren altijd erg gezellig en jolig. Enorm bedankt! En
Joyce, jouw enorm precieze manier van manuscripten checken mag ook niet onvermeld
blijven. Mooi dat je binnen het oncologiewerk nu ook zelf aan de schrijverij bent.
Selva, al wat langer geleden was jij ook regelmatig bij die sectiedagen en een reuze
gezellige kamergenoot. Nog recenter, Johanna, en tegenwoordig Jeroen, jullie hebben
beide mijn incidentele uitbarstingen van ‘publication-’ of ‘technology-related anger’
aan moeten zien. Hopelijk vonden jullie het desondanks net zo aangenaam als ik;
rustig, relaxed, op z’n tijd een brainstormpje of een gezellig babbeltje.
Ik was natuurlijk niet de enige in de sectie die af en toe last had van de boekjes-blues.
Sander, ehh<. ik bedoel dr. Sander, niet alleen zijn we een tijdlang flatgenoot geweest,
het was ook goed om een lotgenoot te hebben in de promotie-business. Datzelfde geldt
voor Anita; hopelijk duurt het niet zo heel lang voor we weer een feestje hebben . Bea,
bij jou zijn de promotieperikelen al heel wat langer achter de rug, maar de
samenwerking met Frank et al. in het Maastrichtse heb je mooi geregeld. Voor het
hoofdstuk dat dit heeft opgeleverd ben ik jullie beiden zeer erkentelijk. De
samenwerking met de Utrechtse Garssianen was ook dermate prettig dat het hier
vermeld dient te worden, waarbij ik met name Betty en Gerard wil bedanken voor alle
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inspanningen en het hoofdstuk dat dat onder andere heeft opgeleverd.
Ik heb een aantal studenten mogen begeleiden in de afgelopen jaren, die zeer welkome
bijdragen hebben geleverd aan het lopende onderzoek. In het bijzonder wil ik JanWillem en Bob bedanken voor hun werk dat in dit proefschrift terecht is gekomen!
Hilde, ook al heeft onze samenwerking niet direct met mijn proefschrift te maken, hij is
erg plezierig. En zo ben ik nog vele (oud-)sectiegenoten dankbaar voor de vele vormen
van samenwerking en ondersteuning, variërend van de mentale vorm tot het kopen
van demo-CD’s van mijn oude bandje.
Ook buiten de sectie zijn er velen wie ik dank verschuldigd ben. Monique, je analyses
van de microbiota waren onmisbaar in dit proefschrift. Amra, jij was er ook vaak bij om
samples te verzamelen. Hulde. Bernd and Günther, without your brilliant
oligosaccharide concept this thesis would not exist. Thank you very much for the
cooperation, and to paraphrase a famous German song: vielen Dank für die Zucker!
Rob Verdooren, je statistische adviezen waren waardevol en hebben hun weerslag
gevonden in menig hoofdstuk. Ook de mensen op het CKP hebben een essentiële
bijdrage geleverd aan dit boekje. Bert, jij hebt daar de grootste rol gespeeld in veel van
mijn experimenten. Bedankt voor de goede zorgen voor de muizen en de prettige
samenwerking. Ook Rene, Frits, Wilma en de vele andere (ex-)medewerkers die hebben
bijgedragen: mijn dank is groot!
Ook in mijn persoonlijke kring zijn er veel mensen die ik wil bedanken. Bastiaan, jij
bent daar een mooi bruggetje voor. Mede-Garssiaan, vriend, kringgenoot, Klapper,
vader van die toffe koter op wie ik af en toe mag passen en man van oppas-mama
Adriëlle, bij wie Noah het erg naar d’r zin heeft. Ik vind het erg leuk dat je ook nog eens
paranymf wilt zijn. Sehr cool. Samen met Jan, die al eens eerder een ceremoniële rol
heeft gespeeld op een belangrijk hoogtepunt in mijn leven. Jan, ik waardeer je
vriendschap en het feit dat je paranymf wilt zijn ten zeerste, maar ditmaal laat je je
maar flitsen in je eigen auto ;-).
Kringgenoten, met jullie is het niet alleen goed musiceren (de bas heeft altijd gelijk
natuurlijk), het is ook heel waardevol om samen bezig te zijn met zaken die verder
reiken dan het bestek van de wetenschap. Het is bijzonder om lief en leed, vragen en
overtuigingen met elkaar te delen, en ik geloof dan ook dat onze betrokkenheid bij
elkaar een gave van God is. Ik kan deze manier van in het leven staan iedereen van
harte aanbevelen.
Volleyballen bij de Klappers is ook van harte aan te bevelen. Onze wekelijkse wedstrijd
op de maandagavond is al jarenlang een plezierige manier om frustraties op sportief
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verantwoorde wijze op de tegenstander te botvieren. Maar net als bij mij persoonlijk
wordt het zo langzamerhand wel eens tijd om te gaan promoveren (ok, inkoppertje).
Naast volleyballen is muziek maken ook een belangrijke uitlaatklep voor mij, en ik heb
dan ook zeer goede herinneringen aan de vele podia die we hebben bestormd met
Catchfly en de experimentele vaagheden die we produceerden met Sst! Wim, Daniël en
Floris, wellicht was dit boekje er niet gekomen zonder jullie. En Wim, hopelijk heb ik
binnenkort eindelijk weer eens fatsoenlijk tijd voor nieuwe dingen.
Tijd om te zeilen of andere leuke dingen te doen is er hopelijk binnenkort ook weer
eens met een ouwe-trouwe vriend als jij, Rob. We moesten maar weer eens iets doen
dat mis kan gaan. Rense en Annemien, ook jullie vriendschap door de jaren en
gebeurtenissen heen waardeer ik enorm. Er zijn nog veel meer goede vrienden, dichtbij
of veraf, die ik hier graag zou willen noemen, maar ik vrees dat er dan helemaal geen
einde meer komt aan dit dankwoord. Bij dezen: ik dank u allen.
Pap en mam, jullie verdienen een bijzonder eervolle vermelding in dit dankwoord.
Bedankt voor alles wat jullie voor mij hebben gedaan, voor de vrijheid die ik altijd heb
gekregen zodat ik me kon ontwikkelen zoals ik wilde, voor jullie trouw door heel wat
pieken en dalen heen en voor het enthousiasme waarmee jullie je rol als opa en oma
tegenwoordig vervullen. Hans en Ellen, zonder jullie was ik misschien nooit in het
Wageningse terechtgekomen. Het was superleuk om een tijdlang met z’n allen in of
rond Wageningen te wonen, maar ook nu de afstanden wat groter zijn en met Wilma,
Judith, Jonathan en Bert erbij zijn jullie geweldige Geschwister!
Maar de grande finale van dit dankwoord is toch echt bestemd voor mijn eigen twee
geweldige vrouwen. Allereerst Geja, jouw liefde was onontbeerlijk gedurende al mijn
geploeter. Jouw kook- en bakkunsten speelden daarin natuurlijk ook een significante
rol ;-). In vele opzichten is het afmaken van dit boekje ook een prestatie van jou. Je niet
aflatende steun was en is geweldig; of ik nou wilde promoveren of dacht mijn pipet aan
de wilgen te hangen en gitaren te gaan verkopen, je stond vierkant achter me. En dat
niet één keer, maar telkens weer. Dat moet wel echte liefde zijn. Daaruit kan alleen
maar iets heel moois komen, en dat is dan ook gebeurd. Dit boekje was dan misschien
een hele bevalling, de voldoening achteraf valt in het niet bij het krijgen van zo’n lief en
schattig meisje als Noah. Noah, je bent een zonnestraaltje in mijn leven en het mooiste
meisje dat ik ken. Veel mensen zeggen dat je zo op je moeder lijkt en ik< ik ben het
daar van harte mee eens!
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ConA
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arachidonic acid
antigen presenting cell
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cluster of differentiation
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sc
SD
SCFA
SEM
sIgA
TGF
Th1/2
TLR
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mesenteric lymph node
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natural killer T
non-obese diabetic (mice)
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peripheral blood mononuclear cells
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enhanced pause
plaque-forming unit
prostaglandin E2
polymorphonuclear leukocyte
Peyer’s patch
pattern recognition receptor
polyunsaturated fatty acid
quantitave real-time polymerase chain reaction
resistant starch
subcutaneous
standard deviation
short-chain fatty acids
standard error of the mean
secretory IgA
transforming growth factor
T-helper1/2
Toll-like receptor
trinitrobenzene sulfonate
tumor necrosis factor
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