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Abstract

During the course of evolution, animals encountered the harmful effects of fungi, which are strong pathogens. Therefore, they
have developed powerful mechanisms to protect themselves against these fungal invaders. B-Glucans are glucose polymers of
a linear B(1,3)-glucan backbone with B(1,6)-linked side chains. The immunostimulatory and antitumor activities of B-glucans have
been reported; however, their mechanisms have only begun to be elucidated. Fungal and particulate B-glucans, despite their
large size, can be taken up by the M cells of Peyer's patches, and interact with macrophages or dendritic cells (DCs) and activate
systemic immune responses to overcome the fungal infection. The sampled p-glucans function as pathogen-associated molecular
patterns (PAMPs) and are recognized by pattern recognition receptors (PRRs) on innate immune cells. Dectin-1 receptor systems
have been incorporated as the PRRs of B-glucans in the innate immune cells of higher animal systems, which function on the
front line against fungal infection, and have been exploited in cancer treatments to enhance systemic immune function. Dectin-1
on macrophages and DCs performs dual functions: internalization of B-glucan-containing particles and transmittance of its signals
into the nucleus. This review will depict in detail how the physicochemical nature of B-glucan contributes to its immunostimulat-
ing effect in hosts and the potential uses of B-glucan by elucidating the dectin-1 signal transduction pathway. The elucidation of
B-glucan and its signaling pathway will undoubtedly open a new research area on its potential therapeutic applications, including
as immunostimulants for antifungal and anti-cancer regimens.
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INTRODUCTION along the backbone. Among the various B(1,3), B(1,4), and
B(1,6) B-glucan linkages, only (1,3) stimulates immunity and
Since ancient times, many higher fungi of the Basidiomy- shows antitumor activities. The first reported major function of
cetes have been used as folk medicines. The major effects B-glucans was antitumor activity (Chihara et al., 1970); since
of medicinal mushrooms, immunity potentiation and antitumor then, many other biological activities have been reported, in-
activities, are attributed to pB-glucans. Because a-glucans are cluding antifungal, anti-infection (Onderdonk et al., 1992), ra-
eukaryotic nutrient components, they are easily degraded by dioprotective (Gu et al., 2005), cholesterol reduction (Wolever
mammalian enzymes and do not have immunostimulatory ac- et al., 2011), and postprandial glucose metabolic activities
tivity. In contrast, B-glucans from various fungi are not digest- (Battilana et al., 2001). B-Glucans have been used in prophy-
ed by human enzymes when orally administered, but instead lactic applications for their immunopotentiation activity as vac-
are taken up in the small intestine, which stimulates mucosal cine or adjuvant candidates against Aspergillus (Torosantucci
and systemic immunity (Vos et al., 2007). Uptaken B-glucans et al., 2005) and Candida vaginal (Pietrella et al., 2010) in-
stimulates antitumor activities as well as protective activities fections in animals, and against Vibrio infection in marine fish
against fungal and bacterial infections in animals and human. (Zhu et al., 2006). The B-glucans in plants such as oat and
Despite their high molecular weight, B-glucans, when orally barley have primarily B(1,4) linkages, whereas the p-glucans
administered, are absorbed in the intestine and activate innate of mushrooms and fungi have a (1,3) backbone branched
and adaptive immunities. with short 3(1,6)-linked side chains (Yan et al., 2005). These
B-Glucans are glucose polymers that have a backbone of differences in the structure, conformation, and source of these
linear B(1,3)-linked D-glucose molecules with f(1,6)-linked glucans might affect their biological activities (Brown and Gor-
side chains of diverse sizes that occur at different intervals don, 2001).
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Research on B-glucans has been focused on two areas.
The most recent major research area is the stimulation of in-
nate immunity by B-glucan by binding to the -glucan receptor
dectin-1 and TLRs, which has been investigated by employ-
ing zymosan B-glucan from Saccharomyces cerevisiae. The
other major research area is the antitumor activity of fungal
B-glucans, which is mediated by stimulation of macrophages
and DCs. Some B-glucans of mushrooms, such as lentinan,
schizophyllan and PSK have already been commercialized
and are used clinically for the treatment of various cancers
(Sullivan et al., 2006). The major well-characterized and func-
tional B-glucans are listed in Table 1.

STRUCTURE-ACTIVITY RELATIONSHIP OF
B-GLUCANS

Biological activities of helical -glucans

B-Glucans adopt one of the three typical conformations in
an aqueous environment: a triple helix, a single helix, or a
random coil. A triple helix can be converted into a random coil
by treatment with NaOH, and the random coil can then be
converted into a single helix by neutralization with HCI. Finally,
the single helical conformation can be renatured to the original
triple helix by heating or dialysis (Zhang et al., 2004). Contrary
to this, Young et al. reported quite different conformational

states for the triple helices and single helices. They showed
that a closed triple helix can be converted into single strand by
partially opening one end of the triple helix, and then neutral-
ization can return it to the original closed triple helix (Young et
al., 2000). This partially open hypothesis is more persuasive
than the complete dissociated strand hypothesis because re-
turning to the original triple helix from single helix may not be
easy without a complementary strand. A cross-sectional view
of the triple helix of B-glucan in water showed that it has four
water boundaries, rendering it difficult to dissolve in water. The
approximate diameters of the innermost core and outermost
shell of the helix are 1.68 and 2.79 nm, respectively (Yoshiba
et al., 2003). X-ray crystallographic studies showed that the
triple helix formation of schizophyllan has a diameter of 2.6 nm
and a 1.8-nm pitch. Scanning electron microscopy revealed
that the triple helix is always right-handed and that the inclina-
tion of the angle is 20-25° (Bae et al., 2004).

The physicochemical properties of high molecular weight
B-glucans are closely correlated to biological activity poten-
cy. However, the potency of immunostimulation of the triple
and single helix conformations is still controversial. In some
reports, the triple helix conformation of p-glucan has been
shown to play an important role in enhancing biological activi-
ties, such as cytokine secretion and antitumor activity (Zhang
et al., 2005). Wang and Zhang investigated the in vitro in-
hibitory activity of B-glucan against the proliferation of sarco-

Table 1. Biologically active fungal p-glucans and their chain linkages and clinical trials

B-Glucan (Fungi source)

Glucan chain linkage

Clinical trial

Pleuran
(Pleurotus ostreatus)

Lentinan (Lentinus edodes)

Schizophyllan (SPG)
(Schizophyllum commune)

Krestin (PSK)
(Trametes versicolor)

Maitake D-Fraction
(Grifola frondosa)

Scleroglucan (SSG)
(Sclerotinia sclerotiorum)

Zymosan
(Saccharomyces cerevisiae)

Yeast whole glucan
(Saccharomyces cerevisiae)

B(1,4)- or B(1,6)-branched for every fourth p(1,3)-
glucan backbone (Karacsonyi and Kuniak, 1994)

One B(1,6) branched residue for every three B(1,3)
glucose residues with MW 400-1,000 kDa (Sasaki
and Takasuka, 1976)

One B(1,6) branched residue for every three (1,3)
glucose residues with MW 450 kDa (Bae et al., 2004)

Protein-bound with $(1,6) side chain, and
B(1,3)-branched B(1,4) main chain glucan with MW
94-100 kDa (Kurashige et al., 1997)

Mixture of 3(1,6) main chain with 3(1,4)-branched and
B(1,3)main chain with B(1,6)-branched (Kidd, 2000)

One B(1,6) branched glucose residue for every three
B(1,3) glucose residues (Pretus et al., 1991; Palleschi
et al., 2005)

Crude cell wall extract of genetically engineering
yeast containing a mixture of 3(1,3)(1,6) glucans and
mannose (Di Carlo and Fiore, 1958)

Highly purified spherical (1,3) glucan with
B(1,6)-linkage of yeast cell wall with 2-4 um diameter
by alkaline extraction (Yan et al., 2005)

Respiratory infection (Bergendiova et al., 2011)
NK cell activation (Bobov¢ak et al., 2010)

Gastric cancer (Nakano et al., 1999)
Colon carcinoma (Ng and Yap, 2002)
Pancreatic cancer (Shimizu et al., 2009)

Gastric cancer (Fujimoto et al., 1984)
Cervical cancer (Okamura et al., 1986)

Stomach cancer (Nakazato et al., 1994)
Colorectal cancer (Torisu et al., 1990)
Breast cancer (Yokoe et al., 1997)

Lung cancer (Hayakawa et al., 1993)

Lung and breast cancer (Kodama et al., 2002)
HIV infection (Nanba et al., 2000)

NA*

NA*

NA*

*NA: not available.
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ma-180 tumor cells, and demonstrated that denatured, single-
stranded B-glucan lentinan had weaker inhibitory activity than
the triple helix conformation. Furthermore, introduction of a
sulfate group on the single chain lentinan increased antitumor
activity due to increased binding of the pB-glucan to receptors
on immune cells via electrostatic interactions that activated
the immune response. They also found that the antitumor ac-
tivity of the triple helix was higher than that of the sulfated or
single-stranded conformation due to the greater stiffness of
the triple helix structure (Wang and Zhang, 2009). In contrast,
the single helix conformation has also been reported to have
stronger activity than the triple helix (Ohno et al., 1996). In an-
other report, both the single and triple helices had strong TNF-
o and IL-6 cytokine releasing activity in a macrophage cell line
(Okazaki et al., 1995). In addition, a partially opened single
helix induced more nitric oxide than did the original triple helix
(Young et al., 2000). Activation of innate immunity by B-glucan
is initiated by its binding to the specific 3-glucan receptor dec-
tin-1 on macrophages (Batbayar et al., 2011) and DCs (Kim
et al., 2010) or to CR3 on granulocytes and natural killer (NK)
cells (Thornton et al., 1996). B-Glucans also directly activate
adaptive immune cells such as B cells (Dong et al., 2007),
T cells (Tian et al., 2011), NK cells (Kobayashi et al., 2012),
eosinophils (Mahauthaman et al., 1988), and neutrophils (van
Bruggen et al., 2009).

Biological activities of highly complex B-glucans

It has been reported that a higher degree of structural
complexity in B-glucans is associated with more potent im-
munomodulatory and anti-cancer effects. Additionally, (1,3)-
glucans with a higher molecular weight or a greater degree
of B(1,6)-linkages tend to have stronger stimulatory effects
on macrophages in mice (Cleary et al., 1999). In a report on
TNF-a secretion induced by Grifola B-glucan, higher molecu-
lar weight (over than 450 kDa) glucan was more potent than
lower molecular weight (below 450 kDa) glucan (Okazaki et
al., 1995). Ishibashi et al. showed that heat-treated grifolan
reduced the secretion of TNF-a as well as molecular weight.
The precipitated, insoluble fraction of the heat-treated B-glu-
can, recovered by centrifugation, but not the soluble fraction,
retained TNF-a secretion inducing ability. These studies sug-
gested that both the insoluble and the soluble high molecular
weight form of grifolan were required for induction of TNF-a
secretion by macrophages (Ishibashi et al., 2001).

Biological activities of particulate B-glucans

The potency of the biological activities of water-soluble and
particulate B-glucans is still controversial. It was recently noted
that particulate B-glucans have stronger immunostimulating
activities than soluble ones. Qi et al. reported that orally ad-
ministered, yeast-derived, particulate B-glucan activated DCs
and macrophages via the C-type lectin (CTL) receptor dec-
tin-1 pathway in mice. They also reported that although wa-
ter-soluble B-glucan binds to DCs and macrophages, it does
not activate DCs (Qi et al., 2011). In a report that compared
particulate and soluble B-glucans, only particulate B-glucans,
such as whole glucan particles (WGP) and zymosan, induced
dectin-1-dependent activation of innate immune cells, includ-
ing phagocytosis and induction of TNF-a, IL-6, and reactive
oxygen species (ROS) from bone marrow-derived macro-
phage and DCs (Goodridge et al., 2011). In addition to these,
B(1,3)-glucan particles from Saccharomyces cerevisiae have
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been reported to elicit strong humoral and cellular responses
to antigens entrapped in glucan particles in mice, demonstrat-
ing their possible utility as a vaccine delivery tool (Huang et al.,
2012). Particulate B-glucan isolated from S. cerevisiae also in-
duced TNF-a in macrophages isolated from murine wounds
(Roy et al., 2011). Hino et al. reported that macrophages re-
leased soluble glucans into the medium after phagocytizing
insoluble B-glucan particles. They found that these particles
were fragmented by ROS produced by macrophages, and that
the released soluble B-glucan was reactive to dectin-1 and
biologically active in terms of macrophage activation (Hino
et al., 2012). Recently, a new mechanism was reported for
how immune cells distinguish and respond to invading fungal
pathogens, which includes particulate and soluble B-glucans.
According to the model mechanism of “phagocytic synapse”
formation between dectin-1 on bone marrow-derived mac-
rophages and B-glucans proposed by Goodridge et al., the
CD45 and CD148 tyrosine phosphatases are excluded from
the clustered sites of dectin-1 induced by particulate B-glucan,
thereby enabling downstream signaling through hemITAM and
the cytosolic domain of dectin-1 and other enzymes involved
in signal transduction. In contrast, soluble B-glucans bind to
dectin-1 and cause dectin-1 clustering. However, they cannot
exclude CD45 and CD148 around dectin-1, and thus signal
propagation fails. Therefore, they proposed that dectin-1 sig-
naling is activated only by particulate B-glucans, not by soluble
B-glucans. This model could explain how innate immune re-
ceptors distinguish direct fungal contact with B-glucans from
soluble B-glucans shed by fungi in remote sites of the body
(Goodridge et al., 2011).

Biological activities of soluble B-glucans

In contrast, there have also been many reports on immuno-
potentiation by water-soluble p-glucans. Fang et al. showed
that water-soluble B-glucan from Grifola frondosa, with a mo-
lecular weight of 300 kDa, strongly induced TNF-a and IL-6
production, activation of Syk and NF-xB signaling in perito-
neal macrophages, and inhibition of sarcoma-180 growth in
mice (Fang et al., 2012). Gaullier et al. reported that soluble
B-glucan from Lentinus edodes increased the number of B
cells, but did not change the number of NK cells, when orally
administered for 6 weeks in healthy elderly people (Gaullier
et al., 2011). Masuda et al. showed that highly purified, solu-
ble B(1,3)(1,6)-glucan obtained from Grifola frondosa rapidly
induced GM-CSF production through dectin-1-independent
ERK and p38 MAPK activation. Subsequently, B-glucan in-
duced GM-CSF-enhanced proliferation of resident macro-
phages and dectin-1 expression, which permitted dectin-1-
mediated TNF-a induction through the Syk pathway (Masuda
et al., 2012). In addition, soluble yeast (1,3)-glucan itself was
reported to induce the production of significant amounts of
IL-8 and tissue factor. This glucan had a strong synergistic
effect on LPS-induced secretion of IL-8 and IL-10, but not on
TNF-o or IL-6 production (Engstad et al., 2002).

MUCOSAL UPTAKE OF B-GLUCAN

Intestinal uptake of B-glucans

Orally administered, natural B-glucans, such as lentinan
and schizophyllan, are known for showing their immunopoten-
tiating effects, and have been used in tumor immunotherapy
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for more than 30 years. However, despite their excellent anti-
tumor activities induced by dietary consumption, the mecha-
nism underlying the uptake of high-molecular weight g-glucan
in the lumen is not clear. The absorption mechanisms of a-
glucans and B-glucans in the intestine are quite different. o-
Glucans, when orally delivered, are easily degraded by diges-
tive enzymes. In contrast, -glucans are non-digestible due to
the absence of the appropriate enzyme; therefore, they could
reach the intestine intact.

The effects of orally inoculated B-glucan have been report-
ed in experimental animals. Sakurai et al. reported that SSG
B-glucan from Sclerotinia sclerotiorum augmented the phago-
cytic activity and IL-1 production of alveolar macrophages
in mice. They also found that supernatant of Peyer's patch
cells from mice that were orally administered SSG stimulated
the lysosomal enzyme activity of alveolar macrophages in vi-
tro and enhanced colony stimulating activity (Sakurai et al.,
1992). Data from the oral delivery of fluorescently labeled,
water-soluble B-glucans in rats showed that the maximum
plasma glucan concentration occurred at approximately 4 h
and by 24 h, more than 73% was eliminated from the plasma,
depending on the B-glucan source. Orally administered glu-
cans translocate from the gastrointestinal (Gl) tract into the
systemic circulation by binding to both the GI epithelium and
gut-associated lymphoid tissue (GALT) cells, and this uptake
process is not dectin-dependent (Rice et al., 2005). Sandvik
et al. reported successful detection of plasma B-glucan in rats
after oral administration of soluble Saccharomyces cerevisi-
ae-derived B-(1,3)(1,6)-glucan for 14 days. The total amount
detected in plasma was approximately 30 ng following 14 con-
secutive days of oral administration of 5-6 mg per day. Thus,
only a minute fraction of a single oral dose was translocated
to the plasma. They speculated that the mucosal DCs sample
or interact with soluble B-glucans locally via projections across
the epithelium, and then migrate via afferent lymphatics to the
mesenteric lymph nodes, where immune modulation is initi-
ated (Sandvik et al., 2007). It has been suggested that dietary
administration of B-glucans is as effective as parenteral ad-
ministration for potentiation of systemic immunity and protec-
tion against pathogens (Volman et al., 2008).

Uptake by microfold (M) cells in Peyer's patches

One possible mechanism for the uptake of -glucan in the
lumen could be passage through microfold cells (M cells) in
the Peyer's patches of the small intestinal lumen. The luminal
surface of the intestine limits the access of pathogens and an-
tigens to underlying host tissues, and is protected by a single
layer of epithelial cells bound by tight junctions. Located within
the follicle-associated epithelium (FAE) of Peyer's patches,
and occasionally within the villus epithelia, are M cells, a
unique subset of specialized epithelial cells for transepithelial
transport of macromolecules and particulate antigens (Don-
aldson et al., 2012).

As a mucosal particle portal site, M cells are sampling
sites for macromolecules and microorganisms (Kernéis et
al., 1997). M cells translocate luminal immunogens to Peyer's
patches, where the innate immune systems begin to work. M
cells are considered the initiation sites of mucosal immunity
against immunogens and pathogens that invade epithelial
barriers. Therefore, uptake and translocation of luminal im-
munogens to the innate immune cells in Peyer's patches ap-
pears to be a key trigger of systemic and mucosal immunities

http://dx.doi.org/10.4062/biomolther.2012.20.5.433

(Brayden et al., 2005). Since M cells enable the host's im-
mune system to randomly sample intestinal pathogens and
high-molecular weight particles, -glucan might enter the ma-
trix of Peyer's patches through M cells (Volman et al., 2008),
which, by avoiding the phagolysosome during passage, rarely
degrade particles (Owen, 1999). Therefore, the protective ef-
fects of orally administered B-glucans might be mediated by
receptor-mediated interaction with M cells in Peyer's patches,
where resident macrophages and DCs encounter p-glucans
and increase cytokine production (Volman et al., 2008).

Uptake by DC projections

M cells are not the only cells that sample immunogens and
pathogens from the intestinal lumen, and additional antigen
sampling routes exist in the intestinal mucosal layer. As an
alternative mechanism, the DCs of the FAE extend projec-
tions into the lumen to capture antigens for presentation to
intraepithelial lymphocytes (Rescigno et al., 2001; Brayden et
al., 2005). With the projected tips of the DCs, which extend
through the apical epithelium, DCs can capture B-glucan by
binding to various receptors, such as dectin-1, TLR2, TLR®,
CR3, scavenger receptors, or lactosylceramide (Brown,
2006). When DCs capture infectious bacteria, they up-regu-
late the expression of occludin, which in turn allows the DCs to
compete for epithelial occludin and open up the tight junctions
like a zipper. Infiltrating DCs then face the gut lumen and can
directly sample the luminal bacteria (Rescigno et al., 2001).

Receptors for B-glucan recognition

Innate immune cells in the intestine can recognize a patho-
gen's PAMP through PRRs and initiate the innate and adaptive
immune responses. In response to invading fungi, the innate
immune cells of the Peyer's patches recognize fungal mem-
brane components such as mannan and B-glucan through
members of the lectin receptor family. From inside to outside,
fungal cell wall PAMPs are composed of chitin, 3(1,3)(1,6)-glu-
can, and mannan. These PAMPs can be recognized by PRRs
on monocytes, macrophages, and DCs. The $(1,3)(1,6)-glu-
cans are recognized by dectin-1, TLR2, and TLR6, whereas
mannans are recognized by dectin-2, mannan receptor (MR),
TLR4, DC-SIGN, galectin 3, and FcRy (Perez-Garcia et al.,
2011). Macrophages and DCs engulf and fragmentize the
B-glucans that are bound to dectin-1 and TLR2. Fragmented
B-glucans (FBGs) bind to dectin-1 on macrophages and DCs,
but fail to activate them, due to their inability to cluster dectin-1
on the membrane (Goodridge et al., 2011). The FBGs are re-
leased from the cells and activate NK cells and granulocytes
by binding to CR3 (Chan et al., 2009). These activated NK
cells release perforins and granzymes, which make pores and
disintegrate the DNA of tumor cells, respectively (Zhu and Lin,
2006). Macrophages and neutrophils are activated by IFN-y
and IL-17A secreted by Th1 and Th17 lymphocytes, respec-
tively, and provide protection against the infecting fungi (Fig.
1). Adaptive immune cells such as B and T cells can also be
activated by TNF-a, IL-2, IL-10, and IL-12 secreted by mac-
rophages and DCs (Chan et al., 2009). Since DCs and mac-
rophages reside in Peyer's patches, B-glucans that are taken
up bind and activate them. Since commensal bacteria, such
as Escherichia coli, can penetrate M cells (Macpherson and
Harris, 2004), LPS binding to TLR4 can also activate DCs and
macrophages more vigorously in the Peyer's patches (Kim et
al., 2009).
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Fig. 1. Uptake of B-glucan in the small intestine and activation of innate and adaptive immune cells of Peyer's patches, lymph nodes, and
systemic organs. Orally administered B-glucans can be either absorbed through M cells or through binding to the projected tips of dendritic
cells (DCs) in the follicle-associated epithelium (FAE) of Peyer's patches, and subsequently bind to dectin-1 and TLR2. The macrophages
or DCs engulf B-glucans and fragmented B-glucans (FBGs) are secreted in the lymph nodes. FBGs, like soluble B-glucans, bind to dectin-1,
but are unable to activate macrophages and DCs. However, FGBs can activate NK cells and granulocytes by binding to complement recep-
tor 3 (CR3) on these cells. The NK cells and cytokine-stimulated cytotoxic T lymphocytes (CTLs) secrete perforins and granzymes, which
make pores and fragmenting the DNA in tumor cells, respectively. The FBG-bound granulocytes together with activated neutrophils and

macrophages then remove the infecting fungi.

ANTI-FUNGAL INFECTION BY B-GLUCAN THROUGH
DECTIN-1

In mammals, B-glucans have been shown to induce diverse
biological activities against fungal infections and tumors.
However, much criticism has been leveled against their ac-
tual physicochemical efficacy. p-Glucans are too large to be
absorbed in the small intestines. Several attempts have been

made on an industrial scale to enzymatically digest the large
molecules into smaller ones for better absorption.

Dectin-1 was discovered and originally cloned as the B-glu-
can receptor in the last decade (llev et al., 2012). This discov-
ery confirmed that -glucans modulate the immune systems
via dectin-1 (Drummond and Brown, 2011). As a C-type lectin,
dectin-1 recognizes B-glucans with (1,3)- and 3(1,6)-linkages
and subsequently internalizes them (Kerrigan and Brown,
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2010). In addition, dectin-1 transmits its signal in DCs and
macrophages through a cytoplasmic domain (Brown and Gor-
don, 2001; Taylor et al., 2007). During the immunostimulation
of innate immune cells, dectin-1 functions as PRR that rec-
ognizes the PAMP of B-glucan. Dectin-1 also plays an impor-
tant role in immunity against Pneumocystis carinii by inducing
ROS (Brown, 2006). The anti-cancer effects of B-glucan have
been verified; however, the major anti-cancer mechanisms re-
main to be elucidated. B-Glucans may act against cancer de-
velopment by inducing anti-cancer molecules via the dectin-1
signaling pathway as shown in Fig. 1.

Lower animals also have developed defense mechanisms
against fungal infection; however, no membrane spanning
receptors are involved. Invertebrates utilize a unique PAMP
recognition mechanism through PRRs before initiating immu-
nity (Reid et al., 2009). In horseshoe crab, a unique serine
protease, zymogen factor G, is used to recognize LPS and
B-glucans (Muta, 2006). Target structures are also recognized
by other auxiliary binding factors to ensure steady and de-
tailed recognition of PAMPs. After the polysaccharides on the
pathogenic agents are recognized, they are engulfed through
a hemolymph coagulation cascade reaction.

Molecular structure of dectin-1

Dectin-1 is the first CLR that was discovered and is the best
characterized CLR in this category to date (Drummond and
Brown, 2011). Human dectin-1 is 247 amino acids in length
and consists of three major regions, a C-type lectin-like carbo-
hydrate recognition domain (CRD), a type Il transmembrane
region, and a cytoplasmic domain that contains an immuno-
receptor tyrosinase-based activation motif (ITAM). When the
CRD recognizes pB(1,3)-glucan as the primary ligand, the
hemITAM of dectin-1 is phosphorylated by Src, a non-receptor
tyrosine kinase.

Dectin-1 receptors recognize only the specific configura-
tions of B-glucans found in fungal agents (Ferwerda et al.,
2010; Brown, 2011). When alternate structures are found in
the cell wall, dectin-1 receptors often fail to recognize them as
a ligand. The masked B-glucans of pathogens are a greater
problem since they effectively escape host immune surveil-
lance. When B-glucan in the cell wall is insufficiently exposed,
dectin-1 no longer detects the masked form of p-glucan. A
variant dectin-1 structure was discovered in a human pedigree
with a higher risk of mucocutaneous fungal infections. This
dectin-1 variant has a shortened CRD structure, and fails to
recognize B-glucan as a ligand (Drummond and Brown, 2011).

A recent study indicated that significant cooperation exists
between dectin-1 and galectin-3, which is considered an ac-
tivator of angiogenesis and apoptosis in T cells. In dectin-1
signal transduction, the level of signaling can be enhanced
through association with galectins. In galectin-3 deficient cells,
B-glucan significantly loses its immune-activating functions, in-
cluding TNF-a induction (Esteban et al., 2011). Several stud-
ies have indicated that B-glucan may provide immunity against
Mycobacterium tuberculosis, which does not have p-glucan in
their cell wall structure. This observation strongly suggests
that dectin-1 may recognize various ligand forms in addition
to B-(1,3)-D-glucans (Lee et al., 2009). Dissection of the mo-
lecular structure of dectin-1 will make it possible to acquire a
more detailed understanding of the association between the
receptor and ligand. Based on this structural information, bet-
ter biomolecules can be generated to treat fungal infections,
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and possibly cancer.

Genetic annotation of dectin-1

Dectin-1 is encoded by CLEC7A, which refers to member
A of CTL domain (CTLD) superfamily 7. The CLEC7A gene
encompasses more than 10 Mbps of human chromosome
12, and is composed of 6 exons, and different combinations
of these exons produce various alternative spliced isoforms.
In 12p13, the natural killer gene complex region, CLEC7A is
closely linked to other CTLD superfamily members (Sobanov
et al., 2001). Dectin-1 genes are highly conserved across
mammals, including human, mice, and yaks, which strongly
implies that it has played an important role in the defense
against fungal infections during the course of evolution.

Dectin-1 mutations

Sequence variants are found in the dectin-1 gene CLECA?Y.
Numerous variants have been detected in exon 4 (Heinsbroek
et al., 2012), and one significant variant has been found in
exon 6. A recessive mutation in dectin-1 was found in a family
with mucocutaneous fungal infections. The mutation caused
an amino acid change, Y238X, which resulted in premature
translation termination at the tyrosine residue of the dectin-1
receptor (Cunha et al., 2010; Chai et al., 2011). This muta-
tion is associated with susceptibility to fungal infections, even
though fungal killing and phagocytosis occur normally (del
Pilar Jimenez-A et al., 2008; Plantinga et al., 2009; van der
Velden et al., 2010). A single nucleotide change in this gene
caused a nonsense mutation, which results in the deletion
of the last 9 amino acids of the CRD. The mutation shows
typical loss-of-function and reduced cytokine response upon
fungal infection or challenge with B-glucan. Homozygotes for
this mutation have lowered human antifungal defense, es-
pecially against mucocutaneous infections, which result in
vaginal candidiasis and onychomycosis. These observations
underscore the importance of dectin-1 as a prime source of
antifungal action.

Regulation of dectin-1 expression

The regulation of dectin-1 transcription is not yet well un-
derstood. Dectin-1 is normally expressed on myeloid DCs,
macrophages/monocytes, and B cells (Rand et al., 2010). Al-
though it is also expressed in splenic T cells, its expression is
low (Rivera et al., 2011). Dectin-1 transcription is greatly up-
regulated by granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) (Serezani et al., 2012). In addition, enhanced
expression of dectin-1 is observed in the presence of the cy-
tokines that induce macrophage activation such as IL-4, IL-
13, and IL-23. In contrast, dectin-1 expression is significantly
down-regulated by IL-10, LPS, and corticosteroids. In airway
epithelial cells, mycobacterium induces the expression of dec-
tin-1 for stimulation of the innate immune response (Lee et
al., 2009).

The involvement of G-protein coupled receptors (GPCRs)
is a major research question related to dectin-1 function.
However, no definite answer is currently available. Recent
genetic and pharmacological studies indicated that dectin-1
expression is regulated by the levels of leukotriene B4 (LTB4)
through its high affinity GPCR leukotriene B4 receptor (BLT1)
in macrophage (Serezani et al., 2012). LTB4-BLT1 signaling
modulates the expression of dectin-1 to ensure protective
host responses against fungal infection. Dectin-1 expression
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calcineurin, which eventually turns on NFAT; 3) following Syk-dependent ROS production by NADPH oxidase, NLRP3 initiates IL-1 process-
ing. In addition to ITR, B-glucans trigger the TLR2/6 dimeric receptor to attract MyD88 protein, which activates a series of kinases to activate
on the NEMO/IKK complex, which finally induces NF-kB, which is also activated independent of Syk. In this Syk-independent pathway, Raf-
1 induces p60 and this nuclear factor subsequently induces NF-kB. BCL-10: B cell lymphoma 10, CARD9: Caspase-recruitment domain
9, CRD: Carbohydrate recognition domain, IRAK: IL-1 receptor-associated kinase, MALT1: Mucosa-associated lymphoid tissue lymphoma
translocation protein 1, MAPK: Mitogen-activated protein kinase, NEMO: NF-kB essential modulator, NLRP3: Nucleotide-binding domain
and leucine-rich repeat containing protein 3, TAK: TGF-B-activated kinase, TLR: Toll-like receptor, TRAF: TNF receptor associated factor.

is negatively affected by peroxisome proliferator-activated re- cates that dectin-1 expression is considerably reduced by the
ceptor-y (PPARY) (Gales et al., 2010). Troglitazone, an agonist presence of PPARY.

of PPARYy, decreases dectin-1-mediated DC activation and the

expression of cytokines such as IL-1, IL-6, TNF-a, MIP-3a,

and RANTES. The effects are believed to result from inter- SIGNAL TRANSDUCTION BY DECTIN-1

ference with MAPK, NF-«xB, and caspase recruitment domain

9 (CARD9), which is one of the most important molecules in When the dectin-1 CRD recognizes particulate p(1,3)-glu-
non-TLR signaling (Kock et al., 2011). This observation indi- cans as the primary ligand, it assembles a multimeric com-
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plex which disperses CD45 and CD148 from their original
locations as shown in Fig. 2. This unlocks the space needed
for the ligand to associate with the receptor (Goodridge et al.,
2011). Upon binding to particulate p-glucan, the hemITAM of
dectin-1 is phosphorylated by Src, a non-receptor tyrosine ki-
nase. Then, spleen tyrosine kinase (Syk) is attracted into its
cytoplasmic domain and Syk-mediated signal transduction
occurs. Syk also initiates the so-called integrated transcrip-
tional response (ITR) by activating phospholipase Cy (PLCy)
and PKC3 which start two key pathways in the ITR. Activat-
ed PKC53 then induces either NFAT or AP-1 gene, which are
both involved in the expression of interleukins (Kerrigan and
Brown, 2010; Xu et al., 2009b). Syk also triggers PLCy, which
subsequently induces calcineurin, and then turns on NFAT.
NF-kB factor is also induced independent of Syk. In contrast,
when dectin-1 is unbound or bound to small soluble B-glucans,
it cannot exclude CD45 and CD148 phosphatases, which re-
move the phosphate from the hemITAM domain; therefore,
no signal or only weak signals are generated. There are two
major dectin-1 signaling pathways that depend on whether the
signal is propagated through Syk-dependent or Syk-indepen-
dent modes.

Syk-dependent signaling

Syk initially phosphorylates PLCy, which utilizes two inde-
pendent activation pathways depending on the secondary
messengers. PLCy synthesizes DAG and IP3 by digesting
PIP3, which is predominantly found as bound to the plasma
membrane (Xu et al., 2009a; Alvarez et al., 2010). DAG and
IP3 dictate which process will occur in the dual dectin-1 path-
way. When DAG is the messenger, PKC is immediately acti-
vated and induces CARD9-Bcl10-Malt1 (CBM) trimers in the
cytosol (Saijo and Iwakura, 2011). The CBM complex has a
caspase recruitment domain, which, if activated, induces vari-
ous pro-inflammatory cytokine genes. This trimer participates
in two different pathways by activating either MAP kinase or
the NEMO-IKK complex. In the former pathway, MAP kinases
phosphorylate ERK, JNK, and p38, which move into the nu-
cleus and binds to an AP-1 transcriptional element. The latter
pathway is significant since the NEMO complex the associa-
tion of p50 and p60 with NF-kB for immunologic activation.
Another route is modulated by PLC. Coincident with DAG
production, IP3 is generated and causes the release of cal-
cium ions from its cytosolic reservoir. The increased calcium
induces the functional combination of calcineurin with phos-
phorylated NFAT, which eventually binds to its corresponding
cis-elements in the nucleus after undergoing dephosphoryla-
tion (Greenblatt et al., 2010).

In macrophages, dectin-1 attracts Syk, which is important
for dectin-1-stimulated ROS production. Under certain circum-
stances, Syk is activated in only a small population of macro-
phages, and this activation appears to be under tight regulation
to avoid ROS over-production. In this Syk-mediated pathway,
NLRP3 initiates interleukin-1p (IL-1B) processing following
Syk-dependent ROS production (Said-Sadier et al., 2010).
ROS is also induced by NADPH oxidase in the presence of
Syk. ROS is recruited into the inflammasome complex along
with NRLP3, to destroy fungal invaders during caspase-1 ac-
tivation, which converts pro-IL-1p into IL-13 (Underhill et al.,
2005; Gross et al., 2009; Kumar et al., 2009; Kankkunen et al.,
2010). ROS is produced during dectin-1 signaling; however,
excessive generation of ROS may result in tissue damage and
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chronic inflammation. A recent study showed that PKC con-
trols the production of ROS by modulating monocyte NADPH
oxidase. The level of Syk may dictate the magnitude of PKC3
binding with dectin-1 (Hughes et al., 2010; Elsori et al., 2011).
Through IL-1 and IL-23 production, B-glucan speeds up the
differentiation of Th17 cells. IL-17A from Th17 cells attracts
neutrophils to inflammatory sites and activates immune cells
to achieve immunological coordination in the host when ex-
posed to pathogens.

Syk-independent pathway (or Raf-1 pathway)

In addition to the pathways in Fig. 2, signals from dectin-1
may follow another Syk-independent route. Dectin-1 could
trigger a Raf1-mediated pathway that modulates NF-xB ac-
tivation (Gringhuis et al.,, 2011). In this case, Raf-1 binds to
the cytoplasmic domain of dectin-1 and increases p60 phos-
phorylation independent of Syk, which also occurs in the Syk-
dependent pathway. This pathway exerts a synergistic effect
along with B-glucan signaling. In addition, this pathway may
serve as an alternative signal transduction pathway when
the Syk-dependent pathway is blocked. Along with dectin-1,
dimeric TLR2/6 might be activated by B-glucan, and the ac-
tivated TLR might utilize MyD88 to induce NF-«B, which is
promptly expressed in both the Syk-dependent and Syk-inde-
pendent pathways as previously described. TLR signaling is
depicted in detail in the following section.

Signaling pathways of other than dectin-1 receptor

Another class of dectin receptor was recently discovered.
This receptor, which was named as dectin-2, recognizes high
mannose and a-mannan structures. Mannan is a polymer of
mannose that is usually found in yeast, bacteria and plants.
a-Mannan is mainly found in yeast cell walls, while B-forms
are found in the cell walls of higher plants. In contrast to
dectin-1, dectin-2 lacks an ITAM motif in the cytoplasmic do-
main. Dectin-2 consequently employs the Fc receptor y recep
(FcRy), which contains an ITAM motif (Gringhuis et al., 2011;
Goodridge et al., 2012). When FcRy associates with dectin-2,
Syk is recruited to the ITAM domain. The rest of the dectin-1
and dectin-2 signal transduction pathways are believed to be
identical. Similar to dectin-1, dectin-2 plays important roles in
defense against C. albicans by preferentially inducing Th17
cell differentiation. Mincle, a multi-tasking danger receptor,
exclusively recognizes a-mannose and cord factor from the
cell wall debris of fungi, yeasts, and mycobacteria (Dan et al.,
2008). Following recognition of these polysaccharides as li-
gands, the Mincle receptor shares a signaling pathway simi-
lar to the dectin receptors, in particular, the same pathway as
dectin-2.

Signaling by heterodimeric TLR2/TLR6 is primarily trig-
gered by peptidoglycans (PGs), which are predominantly
found in the bacterial cell wall. However, B-glucan is also
recognized by the TLR complex (Gersuk et al., 2006). When
TLR2 associates with PGs or B-glucans, TLR2 cooperates
with dectin-1 in producing interleukins, TNF-a. and ROS to
induce a proinflammatory response (Gantner et al., 2003;
Viriyakosol et al., 2005; Dennehy et al., 2009). Upon recogni-
tion of fungal agents by macrophages, TLRs recruit MyD88
to their cytoplasmic domain. Unlike dectin-1, TLRs lack an
ITAM-motif, instead, MyD88 serves as adaptor molecule
that attracts a kinase named IL-1 receptor-associated kinase
(IRAK). Upon binding to the TLR cytoplasmic domain, MyD88



recruits IRAK-4, which then recruits IRAK-1 molecules in the
cytosol, and then the IRAK complex attracts TRAF6. IRAK-4
then phosphorylates IRAK-1 and TRAF®6 dissociates from the
IRAK complex. This evidence strongly indicates that IRAK-1
actually binds to TRAF®6 in the intermolecular association of
IRAKs. The freed TRAF®6 attracts a variety of component mol-
ecules, including TAK-1, TAB-1/-2, Uev1A, and Ubc13. Among
these, activated TAK-1 is the actual functional molecule that
phosphorylates the downstream NEMO-IKK complex during
B-glucan-TLR signaling. From this point on, the TLR and dec-
tin-1 signaling pathways share the NEMO-IKK complex to ini-
tiate NF-xB transcription. Indeed, synergistic effects might be
implicated between these two signaling pathways. Although
the exact pathway is not fully understood, MyD88 activates
MAPK, which phosphorylates the AP-1 transcriptional factor
that induces IL-12. This cytokine is believed to trigger Th1
cells to differentiate and release IFN-y which stimulates mac-
rophages (Saijo et al., 2010).

Influence of dectin-1 on acquired immunity

Currently, it is not known whether dectin-1 induces patho-
gen-specific adaptive immunity. However, dectin-1 contributes
to the adaptive immune responses as well as autoimmune dis-
eases and immune tolerance (Sun and Zhao, 2007). Activated
dectin-1 is involved in acquired immunity through enhanced
expression of various cytokines, which subsequently promote
the differentiation of Th17 cells. Dectin-1 may help modulate
Th17 differentiation by promoting IL-6 and IL-23 via TLR2
along with concurrent inhibition of IL-12 by Th1. In addition,
dectin-1 may play a role in acquired immunity via rapid anti-
gen presentation through enhanced phagocytosis and ROS
production.

FUTURE PERSPECTIVES

Additional studies are required to elucidate the detailed as-
sociation between B-glucan and its receptors, focusing on how
these molecules prompt the innate immune system to protect
the body. Their size and molecular structure are significant
for dectin-1 binding and the ensuing innate immune cell re-
sponse; only specific B-glucan structures are recognized as
ligands.

Notable progress has been made in a variety of pharma-
cological applications since B-glucans were first proposed
as a biological response modifier. B-Glucan has been used
with anti-infective, anti-neoplastic, topical agents and even ra-
diotherapy. When B-glucan is supplemented with ascorbate,
it exerts a stronger effect. Ascorbate content is significantly
decreased in activated macrophages. This reduced vitamin
C content decreases anti-oxidant capacity, thus weakening
motility and enzymatic production in macrophages. With the
addition of ascorbate, immune function in the body is greatly
boosted. When B-glucans are incorporated into various treat-
ments, synergistic effects can be expected to maximize each
remedy.

Glycobiology is one of the most studied areas in recent
years. A variety of glycoproteins affect the immune system by
binding to their specific receptors. Research on B-glucan and
its derivatives are expected to aid in the discovery of specific
receptors that lead to immune responses and inflammation.
Using polysaccharides that are exclusively found in plants,
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bacteria and fungi, novel receptors can be found in organisms
ranging from lower animals to mammals. Branched B-glucans,
especially those from fungi, lead to hyperinflammation and ne-
crosis. The extent of the branched structures of g-glucans may
affect the degree of inflammation and host defense against
fungi and tumors. Future characterization of the cause and
effect of the branching in fungal polysaccharides may open
a new field in glycobiology (Schappi et al., 2008). Since the
structure and binding characteristics of dectin-1 have been ex-
tensively studied, new studies may be directed at developing
a potent new ligand that mimics B-glucan (Huang et al., 2010).
Many carbohydrate receptors remain to be discovered, and
advances in glycobiology might help biologists discover or re-
discover the importance of receptors that recognize specific
carbohydrates as functional ligands. In particular, water-insol-
uble B-glucan should be the major research focus in upcom-
ing years. From studies focusing on zymosan, high-molecular
weight glucans were shown to directly augment the immune
response, most likely through specific receptors (Gitik et al.,
2010; Lamkanfi et al., 2009).

During the course of mammalian evolution, fungal infection
might have served as a selection pressure. Variation in the
sequence of dectins and other polysaccharide receptors could
provide another valuable window for understanding the genet-
ic relatedness among mammals. A recent study reported that
B-glucans markedly stimulate the immune response in verte-
brates, including fleshy shrimp (Fenneropenaeus chinensis)
and horseshoe crab (Bae et al., 2012). Although they do not
have dectin-1 receptors, a significant anti-fungal effect can be
obtained via dectin-1 independent signaling. This report also
strongly suggests that immunostimulation effects can also be
achieved in economically important invertebrates using p-glu-
cans. These dectin-free immune responses should be studied
in parallel with dectin-1 signal transduction.

To date, studies on B-glucans have been focused pre-
dominantly on their immunostimulating effects. As a source
of soluble fiber, B-glucan may lessen the risk of heart-related
diseases by lowering total cholesterol and LDL cholesterol.
Since B-glucan and dectin-1 utilize the Syk signaling cascade,
future studies should focus on potential pathogenesis caused
by Syk-mediated cellular procedures. Indeed, over-expres-
sion of Syk results in hematological malignancies, allergy,
autoimmunity, activation of viral oncogenes, and other non-
hematopoietic tumors (Mdcsai et al., 2010). The combined ef-
fects of B-glucan and anti-Syk agents should be pursued to
understand the efficacy of B-glucans that utilize the dectin-1
receptor signaling pathway and, most importantly, to obtain
balanced information on dectin-1-mediated signaling in terms
of the immunomodulating effect of $-glucans.

CONCLUDING REMARKS

It has been reported that B-glucans with a higher degree
of structural complexity, such as those that are triple helixes
or particulate, are associated with potent immunopotentiating,
antifungal and anticancer effects. Despite their high-molecular
weight, B-glucans can be absorbed via M cells of the intestinal
membrane and are detected by macrophages or DCs residing
in Peyer’s patches. B-Glucans play a crucial role in activat-
ing the host immune response against fungal invasion. In the
absence of its receptor dectin-1, B-glucan may not initiate an

www.biomolther.org



Biomol Ther 20(5), 433-445 (2012)

anti-fungal defense in host as an antigen for an acquired im-
mune response. Indeed, in most cases, the level of defense
is minimal without assistance from dectin-1. The importance
of dectin-1 is dramatically demonstrated in the case of the
dectin-1 Y238X mutation, in which CRD is not functional. In
heterozygous carriers of this mutation, antifungal immunity is
incomplete, and the level of immunity is not low enough to
threaten normal life. However, homozygotes of this mutation
are greatly affected and always experience a severe infection
especially of the mucocutaneous membranes. Still, the dec-
tin-1 free anti-fungal defense might function effectively and,
theoretically, acquired immunity against B-glucan might be
enhanced by consistent use of B-glucan. Significant coopera-
tion exists between dectin-1 and other receptors against fun-
gal polysaccharides. Future studies are needed to probe the
interactions among these receptors. Needless to say, further
elucidation of dectin-1 function and its potential ligands will
aid in the development of biomolecules and therapeutics to
reinforce the remedy of B-glucan against anti-fungal agents.
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