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Abstract

The immune response can be modulated by nutrients like β-glucans, which are glucose polymers that are major structural components of the
cell wall of yeast, fungi, and bacteria, but also of cereals like oat and barley. There is a lot of structural variation in the β-glucans from these
different sources, which may influence their physiological functions. In this review the current status concerning possibilities to modulate immune
function by β-glucans is discussed. In vitro as well as in vivo studies in animals and humans show that especially β-glucans derived from fungi
and yeast have immune modulating properties. Most frequently evaluated are effects on leukocyte activity, which has been suggested to contribute
to the increased resistance against infections observed after β-glucan interventions. Although most studies supply the β-glucans parenteral (e.g.
intravenous or subcutaneous), also enteral administrated (dietary) β-glucan influence the immune response. Although more human studies are
needed, it is tempting to suggest that dietary β-glucans may be a useful tool to prime the host immune system and increase resistance against
invading pathogens.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

There is a constant threat of invasive pathogens attacking the
human body. Our immune system composed of two mutually
interactive systems, i.e. the innate and adaptive immune system,
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Fig. 1. Simplified schematic overview of the immune system. Abbreviations: Tc-cells, cytotoxic T-lymphocytes; Th-cells, helper T-lymphocytes.
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protects the body against these invasions. Evidence accumulates
that the composition of the diet influences the functioning of our
immune system. Therefore, changing dietary compositions as a
tool to improve the immune function, currently receives a lot of
attention. β-Glucans, as present in various foods such as cereals
and mushrooms, are currently under investigation for this pur-
pose. The objective of this review is to give an overview of the
Fig. 2. Structure of cereal and yeast β-glucan
immune modulating properties of (dietary) β-glucans. Therefore
we start with a brief overview of the immune system and β-
glucans. Next, the results of immune modulation by in vitro,
parenteral and enteral administrated β-glucans are described.
After that the mechanism by which dietary β-glucans may work
will be discussed followed by giving examples of potential
applications.
and scheme of various β-glucan sources.



Table 1
Various, commonly used, β-glucans from different sources and their
structures a, b

Name Source Source type Structure

Glomerellan Glomerella
cingulata

Fungus 1,3 1,6 branched

GRN (grifolan) Grifola
frondosa
(Maitake
mushroom)

Fungus/
mushroom

1,3 1,6 branched

LNT (Lentinan) Lentinus
(lentinula)
edode (shiitake
mushroom)

Fungus/
mushroom

1,3 1,6 branched

Pneumocytis carinii Pneumocytis
carinii

Fungus/
protozoan

1,3 1,6 branched

P-SG (polysaccharide
from Ganoderma
lucidum)

G. lucidum Fungus/
mushroom

1,3 1,6 branched

SPG (Sonifilan/
schizophyllan)

Schizophyllum
commune

Fungus 1,3, 1,6 branched

SR (Scleroglucan) Sclerotium
rolfsii or
S. glucanicum

Fungus 1,3, 1,6 single branched

SSG (Sclerotinia
sclerotiorum
glucan)

S. sclerotiorum
(ascomycotma)

Fungus 1,3 1,6 highly branched

CSBG (Candida spp.
β-glucan)

Candida
albicans

Yeast/
fungus

1,3 1,6 branched

Glucan phosphate
(GluP)

Saccharomyces
cerevisiae

Synthetic
modified

1,3

PGG (betafectin) Saccharomyces
cerevisiae

(Genetically
engineered)
yeast

1,3 1,6 highly branched

Saccharomyces
cerevisiae

Saccharomyces
cerevisiae

Yeast 1,3 and small numbers
of 1,6 branches and
1,6 linked

WGP-glucan (whole
glucan particle)

Saccharomyces
cerevisiae
(baker's yeast)

Yeast 1,3 1,6

Zymocel Saccharomyces
cerevisiae

Yeast Crude β-glucan extract

Zymozan Saccharomyces
cerevisiae

Yeast Crude extract with
β-glucan and mannan;
non-uniform branches
and backbone units

Barley, oat,
wheat, rye, rice

Cereal
(Gramineae
(grasses)

1,3 1,4 mixed linkage,
unbranched

Curdlan Alcaligenes
faecalis

(gram
negative)
bacteria

1,3 unbranched

LAM (Laminarin/
Laminaran)

Laminaria
species
(e.g. digitata)

algae e.g.
brown
seaweeds

1,3 unbranched (with
some branching of 1,6)

a Unbranched β-glucans are also regarded as linear.
b Yeasts and mushrooms are specific types of fungi.
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2. Immune system

The immune system protects the human body against invasion
of pathogens (i.e. bacteria, viruses and parasites), which is the
result of twomutually interactive systems: the innate and adaptive
immune system (Fig. 1). Epithelial barriers like the skin and the
linings of the gastrointestinal tract, lungs and urinary tract are the
first line of defence of the innate immune system. The innate
immune response depends largely on the recognition of conserved
microbial structures (pathogen associated molecular patterns,
PAMPs) by so-called pattern recognition receptors (PRR). The
toll-like receptors (TLRs) and dectin-1 are two examples of PRRs.
Examples of PAMPs are cell wall components, such as lipo-
polysaccharide (LPS) from gram-negative bacteria, and β-glucan
from fungi and yeast. Leukocytes that are involved in this early
innate response are granulocytes (a.o. neutrophils), monocytes/
macrophages and natural killer (NK) cells. These cells play an
important role in phagocytosis of pathogens, free radical
production (oxidative burst), cytokine production, and antigen
presentation to lymphocytes. The innate immune response is
rapid and functional, but non-specific. In contrast, the adaptive
immune response is somewhat slower, but highly specific. This
response depends on 1) the production of antibodies (immuno-
globulines (Igs)) by B-lymphocytes directed against specific
antigens present on pathogens (called humoral immune response)
and on 2) the attack of infected body cells by cytotoxic and helper
T-lymphocytes (called cell-mediated immune response). In
addition, due to the presence of memory cells, the adaptive
immune response is characterized by enhanced and fast responses
after repetitive contacts with the same antigen. Ultimately, an
immune response is the result of these two interacting systems.
After leukocytes of the innate immune system are activated, they
produce cytokines and present antigens to T- and B-lymphocytes,
which in turn activates the adaptive immune system [1,2].

Cytokines are signalling proteins secreted by a wide variety of
cell types and used for inter-cell communication. The types of
cytokines produced determine whether a naïve helper T-lym-
phocyte (Th0) develops into a type 1 helper T-lymphocyte (Th1)
or a type 2 helper T-lymphocyte (Th2). For example, interleukin
(IL)-12, produced by e.g. activated macrophages, stimulates Th1
cell development. This leads to the production of typical Th1
cytokines like IL-1β, interferon (IFN)γ, IL-2, and tumor necrosis
factor (TNF)α, which play an important role in cell-mediated
immunity. In contrast, IL-4, results in the development of Th2
cells, producing IL-5, IL-6, IL-10, and IL-13, which are involved
in the humoral immune response. Recently, also regulatory T-
lymphocytes (also defined as Th3 cells) have been described.
Their role is most likely to influence the Th1/Th2 balance by
inhibiting Th1 activity by producing anti-inflammatory cytokines
like transforming growth factor (TGF)β and IL-10 [3].

The most important regulator in the immune response is the
transcription factor nuclear factor κB (NF-κB). As already men-
tioned, immune cells can be activated directly by binding of
PAMPs from pathogens to PRRs or indirectly by binding of
cytokines produced by other cells to their respective receptors.
After ligand receptor binding, a cascade of intracellular signalling
events occurs, ultimately leading to activation of NF-κB. In resting
cells, NF-κB is present in the cytoplasm, bound to inhibitor κB
(IκB), a complex that inactivates NF-κB. After cellular activation,
IκB kinase (IKK) is activated, which in turn phosphorylates IκB.
This phosphorylation is followed by ubiquination and degradation
of IκB. Next, IκB-free NF-κB migrates from the cytoplasm into
the nucleus, binds to response elements and induces gene tran-
scription. NF-κB activation induces transcription of genes
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encoding for inflammatory proteins like cytokines and chemo-
kines and induces free radical production [4].

3. β-Glucan

β-Glucans are carbohydrates consisting of linked glucose
molecules, which aremajor structural components of the cell walls
of yeast, fungi and some bacteria. Also cereals, such as barley and
oat contain β-glucans as part of their endosperm cell walls.
Depending on the source, there are clear differences in macro-
molecular structure between β-glucans (Fig. 2). The cell wall β-
glucans of yeast and fungi consists of 1,3β-linked glycopyranosyl
residues with small numbers of 1,6 β-linked branches. In contrast,
the oat and barley cell walls contain unbranched β-glucans with
1,3 and 1,4 β-linked glycopyranosyl residues, whereas β-glucans
from bacterial origin are unbranched 1,3 β-linked glycopyranosyl
residues [5–7]. Furthermore, besides differences in type of linkage
and branching, β-glucans can vary in solubility, molecular mass,
tertiary structure, degree of branching, polymer charge and
solution conformation (triple or single helix or random coil). All
these characteristics may influence their immune modulating ef-
fects. For example, Brown andGordon [6] have recently suggested
that high molecular weight (MW) and/or particulate β-glucans
from fungi directly activate leukocytes, while lowMW β-glucans
from fungi only modulate the response of cells when they are
stimulated with e.g. cytokines. With respect to the characteristics
of the β-glucans, it should be noted that the isolation method may
influence these characteristics. Consequently, differences can be
expected between various β-glucans differentially isolated from
the same source. Table 1 lists various, commonly used, β-glucans
from different sources and their structures.

4. Immune modulating effects of in vitro and parenteral
administrated β-glucans

In vitro and animal studies have shown that 1,3 β-glucans
from yeast and fungi are able to enhance the responsiveness or
function of immune cells, whereas only a limited number of
human studies have been carried out. In the next paragraphs the
results of these studies will be discussed in more detail.

4.1. In vitro studies

β-Glucans can enhance the functional activity of macrophages
and activate antimicrobial activity of mononuclear cells and
neutrophils in vitro [9–11]. This enhanced immune response is
accomplished by an increased pro-inflammatory cytokine
production [12–14], oxidative burst, and chemokine production
[9]. Olson et al. [12] demonstrated that fungal S. cerevisiae β-
glucan increased in vitro TNFα production by alveolar macro-
phages isolated from rats. Also the β-glucan rich yeast particle
zymosan – that has often been used to study β-glucan effects –
stimulated macrophages to secrete TNFα [7]. In addition, human
whole blood incubated with soluble yeast β-glucan showed an
enhanced production of TNFα, IL-6, IL-8 and monocyte tissue
factor (TF). Furthermore, when LPS was added together with this
β-glucan TNFα, IL-8, IL-10 and TF concentrationswere strongly
increased, whereas no further increase in IL-6 concentration was
observed. In addition, pre-incubation with β-glucan increased the
LPS-induced productions of these parameters [15]. Besides β-
glucans from yeast and fungi, alsoβ-glucans from oat show these
immune modulating effects in vitro. Estrada et al. [5] have
demonstrated an increased IL-1α production by murine macro-
phages in the presence of oat β-glucan in vitro, while spleen cells
showed an enhanced IL-2, IFNγ and IL-4 secretion.

Poly-[1-6]-D-glucopyranosyl-[1-3]-D-glucopyranose (PGG)-
glucan from yeast increased the activity of leukocytes against
various pathogens. Indeed, PGG-glucan increased migration of
neutrophils in vitro toward C5a, whereas chemotaxis toward IL-8
was suppressed [16]. Furthermore, pre-incubation of whole blood
with PGG-glucan increased the oxidative burst of in vitro
activated isolated leukocytes. However, PGG-glucan induced
immune stimulating responses without effects on inflammatory
cytokine production [17]. In addition to macrophages and
neutrophils, also the function of dendritic cells can be influenced
by β-glucans, since it has been reported that the fungus β-glucan
P-SG induced a Th1 type of cytokine response by human dendritic
cells in vitro [18]. Moreover, besides leukocytes, also epithelial
cells can respond to β-glucans, as alveolar epithelial cells isolated
from rats secrete the chemokine macrophage inflammatory
protein (MIP)-2 after in vitro culturing with Pneumocytis carinii
β-glucan [19]. In contrast to the increased immune response as
outlined above, Nakagawa et al. [20] reported a dampened LPS-
induced IL-6, IL-2 and IFNγ production of cultured human
peripheral blood mononuclear cells (PBMCs) when incubated
withCandida spp. β-glucan (CSBG). However, when monocytes
were depleted from the cultured PBMCs the decreased production
of IL-2 and IFNγ disappeared. Therefore the authors suggest that
the monocytes were responsible for the suppressed production of
the Th1 type cytokines IL-2 and IFNγ. When cultured PBMCs
were incubated with CSBG without LPS stimulation, IL-6
production was only slightly increased [20]. Altogether, it can
be concluded from these in vitro studies that β-glucans from
various sources overall enhance the immune response of
leukocytes and epithelial cells, mainly bymodulating the cytokine
production.

4.2. Animal studies

Besides in vitro studies, numerous animal studies have been
conducted to evaluate the immune modulating effects of β-
glucans. Most studies have been carried out with isolated
leukocytes from animals that were treated with β-glucan supplied
via various routes. Subsequently these isolated cells were
challenged with LPS or pathogens (ex vivo). In general, these ex
vivo stimulated leukocytes from the treated animals showed an
increased pro-inflammatory cytokine production [14,21], oxida-
tive burst [22] and chemotaxis [23]. There are indications that the
β-glucan induced response is in fact a Th1 specific response, since
splenocytes from mice treated with bacterial 1,4 β-glucan, a
polysaccharide fromGanoderma lucidum (PS-G), and Sclerotinia
sclerotiorum glucan (SSG) show an increased ovalbumin-induced
IFNγ production [18,24,25], whereas IL-4 [24,25] and IL-5 [18]
were decreased. Suzuki et al. [25] also reported that isolated
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splenocytes from SSG-administered mice showed an increase
IgG2a production and a decreased IgG1 production. Since IgG2a
responses are induced by IFNγ and suppressed by IL-4, whereas
IgG1 production is inhibited by IFNγ and stimulated by IL-4,
these antibodies responses are respectively regarded as Th1 and
Th2. Overall, these studies indeed suggest that β-glucans induce
Th1 specific immune responses. In agreement with in vitro
studies, PGG-glucans showed no stimulating effects on ex vivo
cytokine production, since LPS-stimulated lymphocytes and
monocytes isolated from PGG-glucan treated mice produced
less pro-inflammatory cytokines [26]. Furthermore, the oxidative
burst activity of neutrophils was increased in rats, without effects
on TNFα and IL-1β levels [27].

Besides ex vivo effects of β-glucans, also in vivo effects of a
variety of β-glucans have been reported on the response towards
pathogen infections in animals. In general, these studies showed
an increased microbial clearance and a reduced mortality of
lethally infected animals [28–31]. For example. subcutaneous
injection of yeast β-glucan (PGG-glucan) and whole glucan
particle (WGP) β-glucan increased survival rate, diminished
bacterial load in the lungs and increased the proportion of
bacteria-free animals after infection with anthrax in mice [32]. In
addition, bacterial counts in blood of S. aureus challenged rats
treated intramuscular with PGG-glucan were lower than in con-
trol rats, and also the number of monocytes and neutrophils were
increased [27]. Bedirli et al. [31] found an increased survival
rate after intramuscular β-glucan (Sigma) treatment of rats in an
experimental model of sepsis, however the elevated TNFα, IL-
1β and IL-6 concentrations in the blood were blocked by β-
glucan. The authors suggest that the protective effects of β-
glucan were due to a dampened inflammatory response in vivo
[31]. Whereas most studies showed an increased in vitro and ex
vivo cytokine production after β-glucans, these cytokine effects
in vivomight be dampened because of feedback mechanism, that
protects the host against excessive inflammatory responses.
Besides fungal and yeast β-glucans, intraperitoneal injection of
β-glucans from oat also enhanced survival after bacterial and
parasitic infection in mice [5,33]. In contrast to the studies
mentioned above, Dritz et al. [34] found no effect on neutrophil
or macrophage function of weanling pigs and instead an in-
creased susceptibility to bacterial infection after a β-glucan
(MacroGard-S™) diet.

In general, ex vivo responses of leukocytes isolated from β-
glucans treated animals are in line with in vitro results. When
animals were treated with β-glucan this ultimately translated
into an enhanced survival against pathogen infections.

4.3. Human studies

Effects of various β-glucans have been examined in vitro and
in several animal models, while only a few human studies have
been carried out. Three clinical studies demonstrated that pre-
treatment of high-risk surgical patients with PGG-glucan supplied
intravenously (1) decreased the infection incidence and need for
antibiotics, (2) shortened intensive care unit length stay, and (3)
ultimately improved survival compared to a saline placebo in-
jection [35–37]. In another study, a soluble yeast β-glucan iso-
lated from S. cerevisiae – also supplied intravenously – decreased
overall mortality and septic morbidity compared to a not further
specified placebo injection in trauma patient's [38,39]. Besides
effects on clinical parameters, almost no effects on cytokine
concentrations and immunoglobulin concentrations in humans
have been reported. Only 3 days after trauma serum IL-1 con-
centrations were elevated in β-glucan treated trauma patients as
compared to control treated patients, while TNFα concentrations
remained unchanged [39]. Also Lehne et al. [40] found no dif-
ference in cytokine and immunoglobulin concentrations in the
blood of humans after 5 days treatment with three different con-
centrations of yeast β-glucan (SBG) compared to baseline, al-
though IgA concentrations were increased in saliva, only when
using a high dose of β-glucan. To summarize, the protective
effects of β-glucans on survival after pathogen infection in hu-
mans are in agreement with effects observed in animals. Fur-
thermore, the finding that clinical parameters are improved
without a severe elevation in concentrations of circulating cyto-
kines and immunoglobulines suggests an immune regulatory
function of β-glucan that goes further than simply immune acti-
vation, as they may prime instead of activate leukocytes in vivo to
combat invading pathogens.

5. Immune modulating effects of enteral administrated
β-glucans

Although the previous section may give the impression that
only parenteral administration of β-glucans protects against
pathogen infections, a number of reports have shown that enteral
administration of β-glucans (further mentioned as dietary β-
glucan) may also have biological effects. This implies that the
addition ofβ-glucans to the dietmay be used tomodulate immune
function and by that way might improve the resistance against
invading pathogens in humans. Besides intraperitoneal or sub-
cutaneous injection of oat β-glucans, also intragastric adminis-
tration of oat β-glucans in mice enhanced resistance to bacterial
and parasitic infections [33,41,42]. Furthermore, Davis et al. [43]
demonstrated that daily ingestion of oat β-glucan counteracted
the decrease in macrophage antiviral resistance induced by exer-
cise stress in mice. Besides oat β-glucans also other β-glucans
have been supplied orally and showed immune modulating acti-
vities. Rice et al. [44] found an increased survival in mice
challenged with S. aureus or Candida albicans after oral ad-
ministration of glucan phosphate (GluP). Furthermore, Kourni-
kakis et al. [32] showed that orally administrated WGP β-glucan
increased survival in mice challenged with the anthrax bacteria.

Also after oral administration, effects on immune cell functions
have been reported. Phagocytosis, bactericidal killing and ox-
idative burst of isolated heterophils (neutrophil like cells in
chicken) were all increased in immature chickens fed a purified β-
glucan of an unknown source, ultimately showing an increased
protection against Salmonella enterica organ invasion [45]. The
oxidative burst (NO) of ex vivo LPS-stimulated isolated peritoneal
adherent cells from mice was also increased after oral adminis-
tration of β-glucans from S. cerevisiae [22]. Li et al. [46] reported
an increased LPS-induced IL-6 and TNFα production in vivo in
the blood from weaned pigs after oral S. cerevisiae β-glucan
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supplementation. In contrast, another study by the same group
with nearly the same design showed a decreased IL-6 and TNFα
production in response to LPS,whereas IL-10 concentrationswere
increased. Moreover, the specific antibody response to ovalbumin
in the first week after injectionwas increased [47]. This study does
not specify the type of antibody that is produced, which is
important regarding Th1 or Th2 phenotypes. In this respect, Saito
et al. reported a decreased in vivo production of ovalbumin-
specific IgG2a antibodies in mice after oral treatment with soluble
branched bacterial 1,4 β-glucan, whereas the concentration IgE
and IgG1 antibodies was increased [24]. This indicates that β-
glucan induces a Th1 response, which is in agreement with the
results of ex vivo animal studies.

Intragastric administration of SSG showed an enhanced func-
tionality of peritoneal macrophages in mice [48]. In addition, oral
administration of SSG influenced the function of cells of the
Peyer's patches, which in their turn stimulated the in vitro lyso-
somal enzyme activity of alveolar macrophages. Alveolar macro-
phages isolated from the SSG treated mice also showed increased
phagocytic activity and IL-1 production, whereas hydrogen per-
oxide production was not affected. Moreover, also the number of
alveolar macrophages increased. The authors suggested that after
SSG administration via the oral route, the alveolar macrophages
were stimulated by activation of cells of the Peyer's patches [49].
Also Tsukada et al. [50] reported an increased number of intra-
epithelial lymphocytes in the intestine after oral administration of
β-glucan in mice.

It can be concluded that oral administration of β-glucan is as
effective as parenteral administration to protect against patho-
gen infections. Moreover, the effect seems independent of the
source of β-glucan used, although there have been no careful
side-by-side comparisons of β-glucans obtained from different
sources. Therefore, enriching our diet with β-glucans might be
relevant in terms of enhancing our daily protection against
pathogens, although further human studies are needed. In this
Fig. 3. Simplified schematic view of the intestinal immune system. Two important com
barrier of one single cell layer and the gut-associated lymphoid tissue (GALT) system
in the small intestine clustered in follicles known as Peyer's Patches (PP).
respect it is important to mention that in animal feeding β-
glucan is already applied as a food additive to strengthen the
immune response [51]. In addition, the idea of β-glucan as a
food additive is supported by Ikewaki et al. who recently
showed that an already available health food supplement (Sophy
β-glucan) has immune modulating properties in human PBMCs
ex vivo [52].

6. Mechanism underlying the effect of dietary β-glucans

After oral administration β-glucans come in contact with the
mucosal immune system (Fig. 3). The intestinal epithelial cells
together with the immune cells of the Peyer's patches play an
important role in regulating immune responses.As indicated in the
previous section, oral administration of β-glucans can modulate
the mucosal immune response by cells of the Peyer's patches as
well as intestinal intraepithelial lymphocytes [48,50]. It has been
suggested that the protective effects of orally administered 1,3 β-
glucans are mediated through receptor-mediated interactions with
Microfold (M)—cells—specialized epithelial cells for the transport
of macromolecules-in the Peyer's patches, which lead to increased
cytokine production and enhanced resistance to infection [48].

Besides these direct effects on immune function in the intestine
it has also been suggested that orally administered barley and
yeastWGP β-glucans are taken up by intestinal macrophages and
then transported to lymph nodes, spleen and bone marrow.
Whether the β-glucans are shuttled to these organs via the lymph
or blood compartments has not yet been established. In the bone
marrow, it has been described that β-glucans were degraded by
macrophages and taken up by bone marrow granulocytes. Since
in vitro experiments have shown that degraded β-glucan particles
were released in the medium [53], this may imply that in vivo they
could be released into the circulation to induce systemic effects.
This assumption suggests that orally administered β-glucans
reach the circulation in low amounts. However, the amount of
ponents of the intestinal immune system are the enterocytes that form a physical
consisting of various immune cells (T-cells, B-cells, dendritic cells and M-cells)
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dietary β-glucan that appears in the circulation by this route is
lower than after subcutaneous administration [54]. Rice et al. [44]
suggested that especially β-glucans with a high molecular mass
(N2 MDa) may be taken up by M-cells from the intestinal lumen
to the underlying lymphoid tissue. In vivo effects ofβ-glucanmay
depend on their molecular weight, which might be caused by
differences in uptake from the intestinal lumen.

Also effects on non-immune cells have been shown [19].
Regarding dietary immune modulation particularly effects on
enterocytes are interesting. In this respect we have earlier de-
monstrated in an in vitro study that various enterocyte cell lines
showed an enhanced immune response when incubated with fecal
water prepared from ileostomic contents obtained from subjects
who had consumed an oatβ-glucan diet versus a placebo diet [55].

Irrespective if β-glucans are absorbed or not, there seems to be
general consensus that the reported immune modulating effects of
fungal and yeast β-glucans are dectin-1 dependent although also
other receptors might play a role. Alterative receptors involved
may beTLR2 andTLR6, complement receptor 3 (CR3), scavenger
receptors or lactosylceramide [8]. The dectin-1 receptor (in humans
also called the β-glucan receptor (βGR)) is highly expressed on
immune cells, such as dendritic cells, neutrophils, eosinophils,
macrophages, monocytes, and some T-cells and in humans also on
B-cells. Also intestinal cells might express dectin-1 in lower
amounts, although this expression is under debate [28,56].

Upon β-glucan binding to dectin-1, a cascade of intracellular
signals is initiated which will ultimately lead to NF-κB activation.
Indeed several studies reported that variousβ-glucans activateNF-
κB in vitro as measured byEMSA in leukocytes [13,17,57,58] and
in alveolar epithelial cells [59]. NF-κB activation initiates various
processes – also described to be modulated by β-glucans – such
as cytokine production, phagocytosis and respiratory burst.
Confirmation of the crucial role for dectin-1 in the effects of β-
glucans comes from recent studies with dectin-1 deficient mice.
Taylor et al. [60] showed that these mice are more susceptible to
fungal infections with C. albicans than wild-type mice, whereas,
Saijo et al. [61] demonstrated similar findings for protection
against P. carinii. Interestingly, they found no difference in
susceptibility between dectin-1 deficient mice and wild-type mice
againstC. albicans. This discrepancy may be explained by the use
of different strains ofC. albicans and the genetic background of the
mice. These studies however do not provide insight which cells are
obligatory for the dectin-1 mediated response towards β-glucans,
and/or whether absorption of β-glucans into the circulation is an
essential step in explaining their immune modulating character-
istics. For this a tissue-specific dectin-1 knock-out approach seems
warranted. These questions are important in light of dietary β-
glucan to distinguish between effects on enterocytes and intestinal
immune cells.

7. Conclusion and applications

β-Glucans are not only present asmajor structural components
of the cell walls of yeast, fungi and some bacteria, but are also
present in our daily diet as part the endosperm cell wall in cereals,
such as barley and oat. Results both from in vitro studies as well as
ex vivo stimulated leukocytes isolated from animals treated with
β-glucans suggest that β-glucans enhance the immune response
in leukocytes and epithelial cells. Since they influence the
immune response of the host, 1,3β-glucans are often described as
biological response modifiers [62]. In the in vivo situation there is
now substantial evidence that these effects ultimately translate
into an enhanced survival after infection with pathogens. In this
respect, effects are observed irrespective of the β-glucan source
and/or route of administration. Therefore, it might be possible to
modulate immune function by increasing the dietary β-glucan
intake, for example by developing functional foods. This may
have benefits for specific target populations like for example
elderly or type II diabetic patients, who are both characterized by a
suppressed (Th1) immune response [63–65]. Alternatively,
subjects with an overactive Th2 immune response, such as ob-
served in allergic reactions and asthma, may benefit in terms of
restoring the balance by the described Th1 stimulation. Both
concepts should however be confirmed in future well-controlled
human intervention trials.
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