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a  b  s  t  r  a  c  t

Non-digestible  carbohydrates  (NDC)  are  natural  constituents  of  many  foods.  They  are  mostly  referred
to as dietary  fibre  and  are  associated  with  many  health  benefits  mostly  connected  to  gut  health.  NDC
have  emerged  as  a promising  nutritional  concept  to modulate  immune  function  as  well.  In the  world
of  immunology  non-digestible  carbohydrates  are  recognized  now  as  key  immunomodulating  molecules.
eywords:
on-digestible oligosaccharides

mmune modulation
nfants
dults

Both  pharma  and  food  industries  realize  the enormous  potency  of  these  immune  active  components.
Although  the  mechanisms  underlying  the effects  of  NDC  on  the  immune  system  are  not  totally  clear  yet
many  studies  have  reported  beneficial  effects  on both  mucosal  and  systemic  immunity  in  humans.  The
aim  of this  review  is to summarize  the  available  evidence  on the immune  modulatory  effects  of  specific
mixtures  of  oligosaccharides.  Both  mechanistic  in  vitro and  in  vivo  studies  have  been  performed  and  will
be discussed.  Finally  the  potential  use  of  these  unique  structures  will  be  evaluated.
. Introduction

Non-digestible carbohydrates (NDC) are natural constituents of
any foods and often referred to as dietary fibres that are not

fully) digestible by human or animal digestive tract endogenous
nzymes. NDC are associated with many health benefits, including
ositive effects on fermentation, mineral absorption, barrier func-
ion, fat metabolism, glycemic and insulin responses (Meyer, 2004).
lant-derived NDC constitute the majority of dietary fibre in human
ood. Most NDC are at least partially fermented in the large intes-
ine. A major non-plant-derived source of NDC is human breast

ilk. Human milk contains 10–12 g oligosaccharides/l making the
ligosaccharide fraction a major component of human milk, with
evels higher compared to levels of protein in human milk (Boehm
t al., 2003). Human milk oligosaccharides (HMOS) are relatively
esistant against digestion in the human stomach and intestines,
nd they fulfil the published criteria for prebiotics. Prebiotics are
efined as “food ingredients that beneficially affect the host by
electively stimulating the growth and/or activity of one or a lim-

ted number of bacterial species already resident in the colon, and
hus attempt to improve host health” (Gibson & Roberfroid, 1995).
ccumulating evidence indeed suggest that HMOS can improve gut
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microbiota composition (prebiotic effect). In addition, HMOS have
been shown to improve intestinal functions (integrity/motility),
and modulate the immune system. HMOS are structurally very
complex and have a huge diversity (Bode, 2006). It has been hypoth-
esized that the large structural variety is to combat the large variety
of pathogens that the humans may  encounter. Furthermore, HMOS
are suggested to modulate the intestinal glycosylation pattern,
thereby affecting pathogen adhesion (Angeloni et al., 2005).

2. Alternative oligosaccharides

Due to the enormous complexity of the human milk oligosac-
charides it is most unlikely to find natural sources, which contain
oligosaccharides 100% identical to human milk oligosaccharides.
A mixture of neutral short-chain galacto-oligosaccharides (derived
from enzymatic synthesis based on lactose; scGOS) and long chain
fructo-oligosaccharides (derived from vegetable plant; lcFOS),
comparable to the molecular size distribution of HMOS, has been
identified as an alternative (Boehm & Stahl, 2003). This specific
oligosaccharide mixture (Immunofortis®) is so far the best stud-
ied non-milk derived oligosaccharides for which the prebiotic and
linked immune effects have been proven in clinical settings (both
adults and infants). A recent review by Robertfroid et al. provide an

extensive and clear overview of the state of the art in the research
on the health effects of prebiotics, mainly focusing on inulin-type
fructans and galacto-oligosaccharides, for which the majority of
scientific data has been obtained (Roberfroid et al., 2010).
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. In vivo effects

.1. Prebiotic function

The beneficial effects on the immune system are commonly
scribed to the stimulation of the growth and metabolism of protec-
ive commensal intestinal bacteria which is part of the first defence
n the gastro-intestinal tract (Boehm et al., 2005). Different studies
ave reported that oligosaccharide mixtures were able to modulate
he microbiota of bottle-fed infants, making the composition of the

icrobiota more similar to the bifidobacteria-dominated micro-
iota in breastfed-infants (Knol, Scholtens, et al., 2005; Moro et al.,
002). The oligosaccharide mixture induced a significant influence
n stool characteristics as well such as increasing the stool fre-
uency and softening the stool consistency, alike human milk fed

nfants. This has been observed in both preterm and term infants
Moro et al., 2002). With regard to metabolism, there was a signifi-
ant effect of scGOS/lcFOS supplemented formula on the synthesis
f short-chain fatty acids (SCFA), resulting in a faecal SCFA pattern
imilar to that observed in breast fed infants (Knol, Scholtens, et al.,
005). Moreover, it has been demonstrated that stimulation of bifi-
obacteria reduces the presence of clinically relevant pathogens in
he faecal flora, indicating that prebiotic substances might have the
apacity to protect against enteral infections (Knol, Lidestri, et al.,
005).

A recent study in non-symptomatic HAART-naive HIV-1-
nfected adults indicated that with a unique prebiotic mixture
ontaining scGOS/lcFOS and some acidic oligosaccharides mimick-
ng the acidic fraction in human milk, their gut microbiota could, at
east partially, be restored by stimulation the growth of bifidobac-
eria and reduction in faecal pathogenic load (Gori et al., 2011).

.2. Animal models

Available evidence suggests that HMOS may  have systemic
ffects in infants as they have been found in urine (Obermeier
t al., 1999). In line with these observations, the immunomod-
latory effects are not restricted to the gastrointestinal tract.

n vaccination response studies in mice, oral supplementation
ith scGOS/lcFOS significantly increased the vaccination response,

lthough the relationship between modulation of the microbiota
nd immune system was not consistent in all experiments (Vos
t al., 2006, 2010). Intervention studies in mouse models for allergy,
oth cow’s milk allergy and experimental allergic asthma, demon-
trated that specific mixtures of oligosaccharides inhibited the
llergic reaction (Schouten et al., 2009; Vos et al., 2007). Supple-
entation of a nutritional combination containing scGOS/lcFOS,

sh oil, high protein and leucine improved the immune compe-
ence and reduced the inflammatory status in a murine model
or cancer cachexia (Faber et al., 2008). Interestingly, the same
utritional combination reduced the incidence and severity of
seudomonas aeruginosa translocation in a murine model of
hemotherapy-induced immune suppression (Faber et al., 2011).
ifferent mechanisms might have played a role, including modu-

ation of the gut microbiota composition, improved gut barrier and
mmune function and reduced inflammation.

.3. Clinical effects

Evidence for the immune modulatory effects of the specific
ixtures of oligosaccharides was obtained in different clinical

tudies. Supplementation with scGOS/lcFOS in infants at a high

isk for allergy reduced the cumulative incidence of atopic der-
atitis which is one of the first signals for the atopic march in

umans (Moro et al., 2006). Interestingly, infants that received
cGOS/lcFOS displayed a reduced incidence of infections as well
 Polymers 93 (2013) 263– 265

(Arslanoglu, Moro, & Boehm, 2007). This protective effect against
atopic dermatitis and infections was still evident at the age of 2
years (Arslanoglu et al., 2008) and preliminary data in a subset
indicated protective effects even after 5 years (Arslanoglu et al.,
2011). Recent data confirmed the protective effects of supplemen-
tation with these oligosaccharides in the development of atopic
dermatitis in infants at low risk of developing allergy (Gruber et al.,
2010).

Interestingly, recent data showed for the first time the efficacy
of specific oligosaccharide mixtures to improve the immune status
in HAART-naive HIV-1-infected adults, leading to reduced levels of
soluble CD14 (scCD14), CD4(+) T-cell activation, and improved NK
cell activity (Gori et al., 2011). All together the immunomodulatory
effects induced by non-digestible carbohydrates do have significant
biological relevance for allergies, infections as well as inflammation
in both adults and infants.

4. In vitro effects

Since microbiota changes are not the only features found other
studies were aimed at unravelling direct effect of non-digestible
carbohydrates on immune cells. Evidence for direct effects of spe-
cific mixtures of oligosaccharides on immune cells have been
described, possibly via the interaction with specific sugar recep-
tors (Bode et al., 2004; Eiwegger et al., 2010; Naarding et al.,
2005). Oligosaccharides have been shown to interfere with leuko-
cyte recruitment to sites of inflammation and to inhibit cell–cell
interactions of leukocytes and lymphocytes via selectins (Eiwegger
et al., 2010). Recently, it was demonstrated that scGOS/lcFOS mod-
ulated the response of epithelial cells to microbial stimuli, resulting
in skewing of underlying PBMCs towards a Th1 phenotype and
Treg phenotype (De Kivit et al., 2011). Oligosaccharides have been
demonstrated to be able to bind specifically to the lectin-receptor
DC-SIGN expressed by dendritic cells. DC-SIGN has been described
to interact with a variety of pathogens, including HIV-1, and bind-
ing of oligosaccharides inhibited the transfer of HIV-1 to CD4+
T lymphocytes (Naarding et al., 2005). These data suggest that
oligosaccharides act systemically and can also modulate immune
responses in a microbiota-independent manner, however, more
research is needed to identify the underlying mechanisms by which
oligosaccharides modulate the immune system.

5. Conclusion

The current body of data on the immune modulatory properties
of specific mixtures of oligosaccharides holds great promise for the
prevention and or treatment of immune related disorders. Both the
development of diseases such as allergies and infections in early
life as well as a therapeutic effect in different immune-mediated
inflammatory diseases later in life, including cancer and HIV can
be affected by adding specific oligosaccharides to the diet. Further
understanding and validation of the observed immune modulatory
effects of oligosaccharides to realize the full potential of oligosac-
charides for a broad range of disorders and treatments is essential
and will influence the science of immunology enormously.
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