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B-glucan, the most abundant fungal cell wall polysaccharide, has gained much atten-
tion from the scientific community in the last few decades for its fascinating but not
yet fully understood immunobiology. Study of this molecule has been motivated by its
importance as a pathogen-associated molecular pattern upon fungal infection as well
as by its promising clinical utility as biological response modifier for the treatment of
cancer and infectious diseases. Its immune effect is attributed to the ability to bind to
different receptors expressed on the cell surface of phagocytic and cytotoxic innate
immune cells, including monocytes, macrophages, neutrophils, and natural killer cells.
The characteristics of the immune responses generated depend on the cell types and
receptors involved. Size and biochemical composition of B-glucans isolated from differ-
ent sources affect their immunomodulatory properties. The variety of studies using crude
extracts of fungal cell wall rather than purified -glucans renders data difficult to interpret.
A better understanding of the mechanisms of purified fungal -glucan recognition, down-
stream signaling pathways, and subsequent immune regulation activated, is, therefore,
essential not only to develop new antifungal therapy but also to evaluate f-glucan as
a putative anti-infective and antitumor mediator. Here, we briefly review the complexity
of interactions between fungal p-glucans and mononuclear phagocytes during fungal
infections. Furthermore, we discuss and present available studies suggesting how dif-
ferent fungal p-glucans exhibit antitumor and antimicrobial activities by modulating the
biologic responses of mononuclear phagocytes, which make them potential candidates
as therapeutic agents.

Keywords: fungal, $-glucan, mononuclear, phagocyte, health, disease

INTRODUCTION

B-glucans are naturally occurring glucose polymers that are present in abundance in plants, bacteria,
and fungi. For centuries, traditional Chinese medicine uses fungi for healing and currently, interests
have focused on polysaccharides that are a crucial component of fungi cell walls (1). Within the
multitude of polysaccharides present, B-glucans are a key reason fungi are used in cosmetics, as food
additives, or as medicinal purposes (2); they have also shown beneficial effects in the outcome of
various diseases (3). f-glucans, share a common structure consisting of a backbone of $(1,3)-linked
B-D-glucopyranosyl units. However, they can strongly differ by their length and branching structure.
Fungal pB-glucans, that represent the most abundant polysaccharides found in the cell wall of fungi,
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are mainly characterized by the presence of f(1,6)-linked branches
coming off of the p(1,3) backbone. The structural diversity also
depends on the fungal source (4). For example, B-glucans of
mushrooms have short f(1,6)-linked branches whereas those of
yeast have (1,6)-side branches with additional p(1,3) regions (5).
Of note, these structural differences may influence the immuno-
genic properties of B-glucans and many studies have suggested
that a higher degree of structural complexity is associated with
enhanced p-glucans-induced antimicrobial and anticancer activi-
ties (6).

B-glucans as the most abundant fungal cell wall polysaccharide
in human fungal pathogens, is also a key pathogen-associated
molecular pattern (PAMP) that is detected upon fungal infec-
tion to trigger the host immune responses in vertebrates and
invertebrates (7). Different membrane-bound immune receptors
can recognize B-glucans and receptor binding is also dependent
on the structure and nature of the f-glucan (8). In fact, the cel-
lular responses induced by mushroom or yeast p-glucans depend
on their specific interactions with several cell surface receptors
(PRRs), as scavenger receptors, lactosylceramide (LacCer), com-
plement receptor 3 (CR3; CD11b/CD18), and dectin-1. Although
the binding of B-glucan to LacCer (9) or scavenger receptors (10)
on the cell surface of leukocytes has been described, the biologi-
cal mechanisms that can result from these interactions and the
effects on the immune responses are still lacking and need further
investigations.

Complement receptor 3 is a heterodimeric transmembrane
glycoprotein consisting of CD11b noncovalently associated
with CD18 and mainly expressed on neutrophils, monocytes,
and natural killer (NK) cells. Besides its first reported role
in triggering phagocytosis and degranulation in response to
yeast iC3b-opsonized yeast (11, 12), CR3 also has a p-glucans-
specific binding site that map to a lectin-site C-terminal of the
I-domain of the CD11b (13). p-glucan binding to the lectin site
of the CR3 on phagocytes and NK cells primes the receptor to
enhance the cytotoxicity against iC3b-opsonized target cells,
including tumors, that are otherwise resistant to CR3-dependent
cytotoxicity (14, 15). Recently, much attention has been focused
on dectin-1, predominantly expressed on the cell surface of
monocyte, macrophages, neutrophils, and dendritic cells (DCs),
which has emerged as the primary p-glucan receptor (16-18).
Interestingly, however, there has been some controversy about the
relative importance of the various p-glucan receptors, and their
activity seems to be tightly dependent on the cell context. In fact,
while neutrophil modulation by B-glucan is predominantly CR3-
dependent, dectin-1 is the most important B-glucan receptor on
macrophages (19, 20).

Dectin-1 is a type II transmembrane protein characterized by
the presence of an extracellular C-type lectin-like domain, a stalk,
atransmembrane region, and an intracellular region with an immu-
noreceptor tyrosine-based activation motif (ITAM)-like motif
containing a single tyrosine residue (21, 22). Binding of f-glucan
to dectin-1 induces the phosphorylation of the hemi-ITAM, phos-
phorylation of Syk, and activation of the CARD9/Bcl10/MALT-1
(caspase recruitment domain/B cell CLL-lymphoma 10/mucosa
associated lymphoid tissue lymphoma translocation gene 1)
signaling complex, which in turn leads to the activation of the

downstream signaling pathway (23). Moreover, Dectin-1 can also
induce signaling via Raf-1 in a Syk-independent fashion as well
as through the PI3K/Akt pathway (24, 25). As a consequence of
these signaling activations, dectin-1 triggers phagocytosis, ROS
generation, microbial killing, and cytokine production. Of note,
B-glucan/dectin-1 interaction per se is sufficient to induce the
phagocytosis and production of ROS. In contrast, the production
of inflammatory cytokines seems to be dependent on the coop-
eration between dectin-1 and toll-like receptors (TLRs) (26-28).

The high structural variability, low purity, and the ability to
bind to different receptors are probably the main limitations of
current PB-glucan research. Differences in the molecular weight,
degree of branching, triple helical conformation, and solubil-
ity may affect the binding affinity of B-glucan to each receptor
leading to activation of multiple and variable signaling pathways.
A systematic investigation of the receptor binding, the signaling
pathway, and the activated immune responses induced by pure
B-glucans with known structure is, therefore, needed to better
understand the fungal pathogenesis but also to effectively apply
the use of the B-glucan for the treatment of cancer and infectious
diseases.

The objectives of this review are to present the different func-
tions triggered by mononuclear phagocytes upon an encounter
with B-glucans covering the mechanisms of recognition and
the importance of f-glucans structural diversity, as well as the
interaction of the p-glucan with the host during an infection.
We will also explore the effects of fungal p-glucan treatment on
cancer and infectious diseases and finally discussed the recently
described innate immune memory of monocytes associated with
B-glucans training.

p-GLUCAN-MEDIATED INTERACTIONS
OF FUNGAL PATHOGENS WITH
MONONUCLEAR PHAGOCYTES

A diverse group of fungi is known to be pathogenic for humans,
including Candida spp., Cryptococcus neoformans, Aspergillus
fumigatus, and Histoplasma capsulatum. Fungal pathogenic orga-
nisms can cause diseases varying from mild infections of the skin
and cutaneous tissues to severe invasive infections when tissue
homeostasis is compromised. Of note, the prevalence of fungal
infections registered a dramatic increase during the last decades
due to a variety of factors, including AIDS epidemic and the use
of immunosuppressive treatments in cancer and transplanted
patients (29). An intact immune system is, therefore, essential
to control fungal infections, and mononuclear phagocytes play a
pivotal role in host defense against fungal invasion (30).

Since the discovery of specific PRRs for f-glucan on the cell
surface of phagocytes (i.e., CR3 and dectin-1), this abundant cell
wall polysaccharide has drawn increasingly more attention as a
key PAMP in the host immune recognition of pathogenic fungi.
However, some fungal species have developed surface struc-
tures to evade such immune control mechanism. For example,
H. capsulatum can mask the recognition of the immuno-
genic P-(1,3)-glucan by phagocytic receptors through a less
immunogenic outer layer of a-(1,3)-glucan (31). Similarly,
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C. neoformans hides their surface immunogenic molecules,
including f-(1,3)-glucan, behind a polysaccharide capsule
thus inhibiting phagocytosis and cytokine production by mac-
rophages (32). Pathogenicity of dimorphic fungi, such as the
yeast Candida albicans, is known to be linked to their capacity
to adapt and switch back and forth between the filamentous and
yeast growth. Interestingly, 8-glucan, which is normally masked
by the mannan layer of the yeast cell wall, becomes exposed at
the budding scar, but not during the filamentous growth. Thus,
the process of the budding growth has been suggested as the
target for dectin-1 recognition by macrophages (33). Moreover,
B-glucan structure and activity differ between C. albicans yeast
and hyphae (34). Interestingly, dectin-1, in contrast to other
PRRs, discriminates between soluble and particulate p-glucans
(35). Phagocytosis and cytokine production by macrophages are
only induced when dectin-1 is bound to particulate p-glucan
or live fungi through the formation of a “phagocytic synapse”
and the exclusion of regulatory phosphatases (35). This process
represents a unique mechanism to discriminate PAMPs associ-
ated with a microbial surface.

Recognition of the fungal PAMPs by phagocytes and the
subsequent engulfment of the pathogen via phagocytosis repre-
sent the first steps to control fungal infections [as reviewed in
Ref. (36)]. A series of signaling events are required to mediate
phagocytosis when dectin-1 binds to the p-glucan-rich fungal
cell wall. As mentioned above, clustering of dectin-1 with the
concomitant exclusion of CD148 and CD45 phosphatases are
essential steps to induce hemi-ITAM phosphorylation and
recruitment of Syk kinase (35). However, the requirement of Syk
in the phagocytic process is controversial, and its role is prob-
ably cell type dependent. In fact, the inactivation of Syk does
not impair the phagocytosis of p-glucan-containing particles
in genetically or pharmacologically inactivated macrophages
(28, 37). On the opposite, Syk knockdown DCs are unable to
phagocytose zymosan particles (38). Moreover, dectin-1 trans-
location to P-glucan-containing phagosomes and the subse-
quent Syk activation allow the acidification and maturation of
C. albicans and p-glucan-containing phagosomes in macro-
phages (39). p-glucan binding to dectin-1 is, therefore, not only
important to trigger phagocytosis but also to allow the lysosomal
fusion and acidification of the phagocytic compartment. It is
likely that other molecules can mediate a dectin-1-dependent
phagocytosis through related or independent pathways besides
the hemi-ITAM-mediated Syk activation. For instance, Vavl and
PI3K are required for dectin-1/B-glucan-dependent phagocyto-
sis in microglial cells (25). Similarly, PI3K and the RhoGTPase
inhibitors significantly reduce the internalization of zymosan
particles in RAW?2643.7 cells expressing dectin-1 (28).

Recognition of P-glucan by Dectin-1 triggers autophagy
through an LC3-associated phagocytosis and directs LC3 recruit-
ment to phagosomes containing fungi (40). Importantly, this
mechanism regulates the subsequent immunological response.
The association of LC3 to the f-glucan-containing phagosomes
increases MHC II recruitment to phagosomes and presentation
of fungal-derived antigens to CD4 T cells by DCs (41).

Besides the phagocytosis and the acidification of macrophage
phagosome, the production of oxidative molecules is another

important mechanism in killing fungal pathogens. B-glucan/
Dectin-1 interaction followed by Syk activation is crucial for
the generation of ROS in mononuclear phagocytes (37, 42, 43).
However, whether dectin-1-mediated oxidative burst is a uni-
versal key mechanism in controlling fungal killing remains to be
elucidated. As such, dectin-1 activation and ROS production in
macrophages are essential for killing of Pneumocystis carinii but
not C. albicans, suggesting that the mechanism is only required
for immune responses to some fungal infection (44). Interestingly,
form and structure of f-glucan impact on the type of oxidative
burst triggered in human monocytes. More precisely, particulate
and phagocytizable p-glucan activates the NADPH-dependent
reaction via dectin-1 while immobilized and non-phagocytizable
one triggers the reaction in a CR3-dependent fashion (45).
Moreover, ROS production can affect the antifungal immune
responses by regulating a multiplicity of other mechanisms, such
as autophagy and inflammasome activation (46).

Although it is well known that purified B-glucan is able to
activate phagocytosis and production of ROS, its ability to induce
cytokine production is still debated. Production of inflammatory
mediators by fungi or crude B-glucan preparation (i.e., zymosan)
is mediated by a collaboration between dectin-1 and TLRs. For
example, production of TNF-a and IL-12 in macrophages and
DCs upon stimulation with p-glucan-containing particles is
due to a synergism between dectin-1 and TLR2 (27). When the
zymosan is hot alkali-treated to remove its TLR-stimulating
properties, the particles are still internalized and induce dectin-1
activation and ROS production. On the opposite, the depleted
zymosan fails to induce cytokine production, suggesting that
dectin-1/B-glucan signaling is not enough per se to trigger a
robust release of inflammatory cytokines (27). Similarly, the
production of TNF-a in response to zymosan or live fungi
requires activation of dectin-1 as well as TLR2 and Myd88 (26).
In addition, TNF-a production is strongly decreased in dectin-
1-knockout macrophages treated with C. albicans or zymosan
(43). Therefore, high inflammatory signature of mononuclear
phagocytes induced by pB-glucan seems to be linked to a multiple
receptor activation, but dectin-1 remains a crucial component
in this network. Intriguingly, B-glucan binding to dectin-1
only, strongly induces the release of inflammatory molecules by
mononuclear phagocytes when phagocytosis is impaired by actin
polymerization inhibitors (47-49). Therefore, phagocytosis of
B-glucan is also involved in the modulation of dectin-1 signaling
and the weak mediated inflammatory response (47-49).

Many efforts have been recently made to examine the role of
fungi and B-glucan in inflammasome activation and subsequent
production of IL-1f. NLRP3 inflammasome plays a crucial role
in regulating antifungal immune responses and host survival.
Mice with impaired NLRP3 present increased fungal burden and
decreased survival to C. albicans, A. fumigatus, or C. neoformans
infections (50-53). B-glucan and fungi trigger the induction and
processing of IL-1p in mouse DCs via dectin-1 and through the
activation of a non-canonical caspase-8 inflammasome (54).
The inflammasome is a multiprotein complex that regulates the
processing and release of IL-1p and IL-18 but also triggers pyrop-
tosis, a form of cell death of the infected cell that is distinct from
classical apoptosis or necrosis and represents an efficient effector
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mechanism to protect the host from infection (55). C. albicans
causes macrophage cell death by pyroptosis (56) and mutant of
C. albicans that is defective in triggering pyroptosis has reduced
fB-glucan exposure in hyphae (57). However, to date, there are no
convincing evidences that B-glucan itself can trigger pyroptosis
directly.

EFFECTS OF FUNGAL p-GLUCAN
TREATMENT ON INFECTIOUS DISEASES
AND CANCER: INVOLVEMENT OF THE
MONOCYTE-MACROPHAGE AXIS

B-glucans are the key reason fungi are used in pharmacology
and thought to positively impact cancer and infection evolu-
tion (3). In vivo, intramuscular administration of PGG-glucan,
a highly purified soluble B-glucan isolated from Saccharomyces
cerevisiae, results in an overall reduction in mortality and increase
in absolute circulating numbers monocyte count in rats after a
challenge with antibiotic-resistant Staphylococcus aureus (58).
Monocytes isolated from untreated and p-glucan-treated mice
show a different magnitude of cytokine response when stimu-
lated ex vivo with either endotoxins or enterotoxins. Monocytes
isolated from P-glucan-treated mice release a lower amount of
pro-inflammatory cytokines involved in the pathogenesis of
sepsis (i.e., TNF-a and IL-6) upon toxic stimulation, compared
to cells isolated from control mice, suggesting a mechanism by
which p-glucan treatment may reduce the host mortality during
septicemia (59). Moreover, protection of glucan-treated mice
from Escherichia coli-induced experimental peritonitis and bacte-
remia is due, in part, to an enhanced macrophage phagocytic
function induced by the glucan (60). Lentinan, a (1,6)-branched
(1,3)-B-glucan isolated from Japanese mushroom Lentinus
edodes reduces Mycobacterium tuberculosis infection in mice and
rats infected intraperitoneally and intranasally, respectively. Mouse
peritoneal or rat alveolar macrophages show an increased acid
phosphatase activity, free radicals production, and killing activity
against M. tuberculosis (61, 62). In addition, in vitro stimulation
of murine macrophages with Lentinan selectively attenuate AIM2
and non-canonical inflammasome activation. Accordingly, mice
treated with Lentinan show a significant decrease in peritoneal
IL-1p secretion after Listeria monocytogenes (AIM2 inflamma-
some trigger)-induced peritonitis (63). Lentinan administration
also alleviates endotoxemic lethality of LPS-treated mice by
inhibition of non-canonical inflammasome activation (63).
fB-glucan has also been reported to have multiple antitumor
properties and its effect may depend on the modulation of mac-
rophage activity. The antitumor activity of GRN, a (1,6)-branched
(1,3)-B-glucan obtained from mycelia of Grifola frondosa, is
reduced when macrophage function are impaired with carra-
geean, suggesting a key role of macrophages in the antitumor-
mediated mechanism (64). Peritoneal macrophages isolated from
intraperitoneally lentinan-treated mice have a higher in vitro
antitumor cytotoxic activity against murine or human target cells
(65). Oral administration of L. edodes and G. frondosa counteract
the inhibition of the chemotactic activity of macrophages induced
by the carcinogen BBN (N-butyl-N-butanolnitrosoamine) (66).

Blockage and inhibition in mice of dectin-1 expression on mac-
rophages with mAbs, decrease the antitumor activity of SPG, a
(1,6)-branched (1,3)-p-glucan from S. commune (67). Moreover,
intravenous administration in mice of p-glucan isolated from
S. cerevisiae strain reduces the colon 26-M3.1 carcinoma cell
growth and increases the survival time of the tumor-bearing
mice. These effects are associated with a higher production of
pro-inflammatory cytokines and tumoricidal activity of perito-
neal macrophages as well as an increased NK cell cytotoxicity
(68). Orally administered p-glucan can enhance the tumoricidal
activity of phagocytes toward iC3b-opsonized cancer cells.
Schematically, the orally administered particulate yeast f-glucan
is internalized by gastrointestinal macrophages and shuttles to
the bone marrow where the glucan is degraded and released as a
smaller size f-glucan fragments that are taken up by granulocytes
via the CR3 receptor. The granulocytes with f-glucan-primed CR3
then kill iC3b/mAbs-coated tumor cells (69). Importantly, oral
administration of B-glucan isolated either from mushrooms or
yeast has the capacity to phenotypically convert the immunosup-
pressive M2 or tumor-associated macrophages into inflammatory
M1 macrophages. In addition, the M2-to-M1 switch induced by
B-glucan treatment leads to a reduced tumor burden (70, 71).

B-glucans also have potent hematopoietic activities by
enhancing the production of hematopoietic factors, bone mar-
row recovery, as well as stem cell homing and engraftment. The
hematopoiesis-stimulating properties of fB-glucans are sum-
marized in detail in the review by Hofer and Pospisil (72). Mice
injected intraperitoneally with yeast B-glucan present mac-
rophages with an altered morphology, increase in phosphatase
activity as well as increased NO and superoxide production.
These effects are especially observed when the animals are
treated with B-glucan with a higher level of structural complex-
ity in terms of molecular weight and degree of (1,6)-linkages
(73). In addition, polysaccharides purified from the mycelium
of Ganoderma lucidum (GL-PS), a medical mushroom com-
monly used in China, can impact immune cell proliferation and
DCs maturation (74). GL-PS induces a proliferative response
in human leukemia cell lines but also facilitates the maturation
of DCs derived from THP1 monocytic leukemia cell line (75).

While animal studies seem promising, evidences for a human
clinical application of the B-glucan are currently limited and does
not fully support their recommendation. Most of the available
clinical trials come from Eastern Countries and focused on the
potential application of mushrooms in cancer therapy. A prospec-
tive clinical trial in patients with advanced breast cancer shows
that administration of 10 mg capsules of soluble f-glucan from
S. cerevisiae induces the proliferation and activation of peripheral
blood monocytes with no clinical side effects (76). However,
whether this can be clinically beneficial remains undisclosed.
By contrast, the antimicrobial effect of f-glucan has been poorly
investigated by clinical trials and results remain controversial.
A phase I and II trials show that treatment with PGG-glucan
reduces infection rates in high-risk surgery patients. However,
while PGG-glucan administration lead to a reduction of serious
infections and death, an increased incidence of adverse events is
observed in patients receiving f-glucan treatment and phase III
trial was terminated (77-79).
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f-GLUCAN IMPRINTING OF
MONONUCLEAR IMMUNE CELLS

As described above, direct administration of fungal p-glucans
may positively impact the outcome of a number of infectious
diseases. Interestingly, past few years of research have enlightened
a protective phenomenon triggered by the pre-administration
of p-glucans, a mechanism mediated by monocytes and coined
trained immunity (80). The observation that fungi could trigger
a protective innate immune memory was first made upon the
inoculation of non-germinating attenuated strains of the oppor-
tunistic human fungal pathogen C. albicans. Inoculation with this
strain not only protects the mice against a virulent C. albicans
but also against bacteria (81). The protection is independent of
T lymphocytes, as observed in athymic mice (82), but depend-
ent on macrophages (81) and pro-inflammatory cytokines (83).
Macrophages are highly plastic cells and the innate immune
system presents some adaptive properties (84, 85). The protection
mediated is not restrained to avirulent fungal strains. Mice defec-
tive in adaptive T and B lymphocytes can be protected against
re-infection with C. albicans in a monocyte-dependent manner
and using a virulent strain of fungi (86). These recent works shed

light on the mechanisms behind the innate immune protection
mediated. Within C. albicans, the p-glucan cell wall component
of the yeast induces a functional reprogramming of monocytes
leading to enhanced inflammatory responses in vivo in mice and
ex vivo in humans (86). The p-glucan receptor dectin-1, as well as
to a lesser extent the CR3 receptor, are mediating the signal and
the non-canonical Raf-1 pathway, but not Syk pathway, are key
components in the heightened immune status triggered in mono-
cytes. Whole-genome transcriptional and epigenetic analyses have
clearly demonstrated that in the process of p-glucans-induced
training, many inflammatory genes are downregulated and others
are not modified or even upregulated (87). f-glucans imprint the
innate immune memory in monocytes through stable changes in
histone methylation and acetylation, of promoters and enhancers
(86, 87). More specifically, initial activation of gene transcription
by the first f-glucans encounter is accompanied by the acquisi-
tion of specific chromatin marks, which are for some maintained
even after the elimination of the stimulus. This enhanced
epigenetic status of the mononuclear phagocytes, illustrated for
example by the persistence of H3K4mel, characterizing “latent
enhancers,” results in a stronger response to secondary stimuli
upon a non-specific (non-fungal-related) secondary challenge.

Anti-infection/cancer

activities
particulate/soluble CR3 TLR-2
B-glucaioyé
® 27?7
Dectin-1

Fungal “Trained”
Infections Immunity
particulate B-glucans
Dectin-1 particulate
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FIGURE 1 | Model presenting the different consequences of f-glucan recognition by mononuclear phagocytes in the context of antitumoral activities, fungal infection
recognitions, or trained immunity. DCs, dendritic cells; M2, alternative macrophages; TAM, tumor-associated macrophages; M1, classical macrophages.

Frontiers in Immunology | www.frontiersin.org

April 2018 | Volume 9 | Article 673


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Camilli et al.

B-Glucan in Health and Disease

Pathway analysis of the different cluster of genes identified in the
whole-genome transcriptional and epigenetic analyses highlight
importantimmunological (cAMP-PKA activation) and metabolic
(aerobic glycolysis) pathways (87, 88). These pathways play crucial
roles in the induction and maintenance of trained immunity (87,
88). As such, p-glucans trained monocytes present a shift from
oxidative phosphorylation toward glycolysis through an Akt/
mTOR/HIF-1a-dependent pathway, a phenomenon reminiscent
of the Warburg effect in cancer (88). Whether and how this shift
influences epigenetic processes in trained immunity needs to be
further investigated. However, glycolysis, glutaminolysis, and the
cholesterol synthesis pathway are imperative for the induction
of trained immunity by p-glucan in monocytes (89). Actually,
fumarate accumulation through glutaminolysis integrates
immune and metabolic circuits to induce monocyte epigenetic
reprogramming by inhibiting KDM5 histone demethylases and
fumarate itself induced an epigenetic program that mimics
B-glucan-induced trained immunity (89).

Studies in patients and healthy volunteers have also helped
understanding some of the crucial inflammatory effects required
in trained immunity induced by fB-glucan on monocytes. The
immunological networks activated in trained monocytes
depend on STAT1 activation, and defects in trained immunity
have been reported in patients with chronic mucocutaneous
candidiasis due to STATI mutations (90). Finally, individuals
with autophagy defects are unable to mount a full and potent
trained immunity (91).

To our knowledge, only one trial has investigated the potential
of p-glucan training effect in human circulating monocytes func-
tion (92). Oral p-glucan is inexpensive and well-tolerated and,
therefore, thought to potentially represent a promising immu-
nostimulatory compound for human use. In the randomized
open-label intervention pilot-study, 15 healthy male volunteers
absorbed a daily dose of 1,000 mg of B-glucan at once for 7 days
(92). However, B-glucan is barely detectable in serum of vol-
unteers at all time-points and neither cytokine production nor
microbicidal activity of leukocytes are affected by orally admin-
istered B-glucan. The present study does not support the use of
oral B-glucan to enhance innate immune responses in humans
but does not preclude the use of a higher dosage of f-glucan to
reach detectable level in the blood (92).

Regarding trained immunity in monocytes, it is important to
consider the life span of these cells. Monocytes are cells with a
short half-life in circulation, with studies suggesting it to be up to
1 day (93). Considering a long-lasting effect of the innate immune
memory might, however, still be a valid hypothesis as orally admin-
istered p-glucans are taken up by macrophages and transported to
some hematopoietic niches (69). Moreover, f-glucan administra-
tion to mice-induces expansion of hematopeitic progenitors in
the bone marrow which is associated with cell metabolism and

REFERENCES

1. Chang R. Bioactive polysaccharides from traditional Chinese medicine
herbs as anticancer adjuvants. J Altern Complement Med (2002) 8:559-65.
doi:10.1089/107555302320825066

results in a beneficial response to chemotherapy-induced myelo-
suppression or secondary LPS challenge (94). Rather than a direct
B-glucan contact with progenitors, modulation of hematopoietic
progenitors is mediated by the immune mediators environment
(IL-1, GM-CSEF) (94).

CONCLUSION

Several experimental evidences have demonstrated a crucial role
for B-glucan in the host-pathogen interaction during infections.
Moreover, considerable efforts have been made to understand
the cellular and molecular mechanisms of action of p-glucan
in fungal pathogenesis as well as how it promotes a phagocytic-
mediated immune response. Similarly, administration of fungal
B-glucan is well known to stimulate the immune system and boost
resistance to various infectious diseases and cancers, highlight-
ing the multifaceted role of this molecule (Figure 1). However,
although many in vivo studies have shown a beneficial effect of
the p-glucans isolated from different sources, a comprehensive
investigation of the mechanism of action is still lacking. In addi-
tion, the absence of detailed methodology on experimentation,
B-glucan molecules source and purity reached render interpreta-
tion of the various results very complex. As such, discrepancies
observed in the different studies are mainly related to the choice
of purified components being used. In addition, unfortunately
only few human studies are available and most of them have not
been followed up with success. Hence, the possibility for clini-
cal application of B-glucan should be considered with caution
and will require further investigation. Future studies need to
deeply characterize how f-glucans with different structure and
molecular weight interact with each receptor and which specific
signaling pathways are triggered. Moreover, providing details on
the procedure and composition of the carbohydrate molecule
under investigation remains crucial. An understanding should be
made in the near future to use a common standardized p-glucan
molecule with described biochemical properties. With such a
common control, we might endeavor a rational use of this prom-
ising molecule in the future as an adjuvant or therapeutic agent.

AUTHOR CONTRIBUTIONS

GC, GT, and JQ jointly wrote the manuscript and approved it for
publication.

FUNDING

GC and JQ were supported by the ANR JCJC grant ANR-
16-CE15-0014-01 (to JQ). GT and JQ were supported by the
Institut Carnot Pasteur MI and Institut Carnot Animal Health
(F2E) grant ANR 11-CARN 017-01.

2. Rop O, Mlcek J, Jurikova T. Beta-glucans in higher fungi and their health
effects. Nutr Rev (2009) 67:624-31. doi:10.1111/j.1753-4887.2009.00230.x

3. Pelley RP, Strickland FM. Plants, polysaccharides, and the treatment and
prevention of neoplasia. Crit Rev Oncog (2000) 11:189-225. doi:10.1615/
CritRevOncog.v11.i34.10

Frontiers in Immunology | www.frontiersin.org

April 2018 | Volume 9 | Article 673


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1089/107555302320825066
https://doi.org/10.1111/j.1753-4887.2009.00230.x
https://doi.org/10.1615/CritRevOncog.v11.i34.10
https://doi.org/10.1615/CritRevOncog.v11.i34.10

Camilli et al.

B-Glucan in Health and Disease

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Synytsya A, Novak M. Structural diversity of fungal glucans. Carbohydr Polym
(2013) 92:792-809. doi:10.1016/j.carbpol.2012.09.077

Borchers AT, Keen CL, Gershwin ME. Mushrooms, tumors, and immunity:
an update. Exp Biol Med (Maywood) (2004) 229:393-406. doi:10.1177/
153537020422900507

Chen J, Seviour R. Medicinal importance of fungal beta-(1 - >3), (1 - >6)-
glucans. Mycol Res (2007) 111:635-52. doi:10.1016/j.mycres.2007.02.011
Brown GD, Gordon S. Immune recognition of fungal beta-glucans. Cell
Microbiol (2005) 7:471-9. d0i:10.1111/§.1462-5822.2005.00505.x

Mueller A, Raptis ], Rice PJ, Kalbfleisch JH, Stout RD, Ensley HE, et al.
The influence of glucan polymer structure and solution conformation on
binding to (1 - >3)-beta-D-glucan receptors in a human monocyte-like cell
line. Glycobiology (2000) 10:339-46. doi:10.1093/glycob/10.4.339
ZimmermanJW,Lindermuth],Fish PA, Palace GP,StevensonTT,DeMong DE.
A novel carbohydrate-glycosphingolipid interaction between a beta-(1-3)-
glucan immunomodulator, PGG-glucan, and lactosylceramide of human
leukocytes. ] Biol Chem (1998) 273:22014-20. doi:10.1074/jbc.273.
34.22014

Rice PJ, Kelley JL, Kogan G, Ensley HE, Kalbfleisch JH, Browder IW, et al.
Human monocyte scavenger receptors are pattern recognition receptors for (1
- >3)-beta-D-glucans. ] Leukoc Biol (2002) 72:140-6. doi:10.1189/j1b.72.1.140
Cain JA, Newman SL, Ross GD. Role of complement receptor type three
and serum opsonins in the neutrophil response to yeast. Complement (1987)
4:75-86. do0i:10.1159/000463011

Ross GD, Cain JA, Myones BL, Newman SL, Lachmann PJ. Specificity of mem-
brane complement receptor type three (CR3) for beta-glucans. Complement
(1987) 4:61-74. doi:10.1159/000463010

Thornton BP, Vetvicka V, Pitman M, Goldman RC, Ross GD. Analysis of
the sugar specificity and molecular location of the beta-glucan-binding
lectin site of complement receptor type 3 (CD11b/CD18). ] Immunol (1996)
156:1235-46.

Vetvicka V, Thornton BP, Ross GD. Soluble beta-glucan polysaccharide bind-
ing to the lectin site of neutrophil or natural killer cell complement receptor
type 3 (CD11b/CD18) generates a primed state of the receptor capable of
mediating cytotoxicity of iC3b-opsonized target cells. J Clin Invest (1996)
98:50-61. doi:10.1172/JCI118777

Ross GD, Vetvicka V, Yan J, Xia Y, Vetvickova J. Therapeutic intervention
with complement and beta-glucan in cancer. Immunopharmacology (1999)
42:61-74. doi:10.1016/S0162-3109(99)00013-2

Ariizumi K, Shen GL, Shikano S, Xu S, Ritter R III, Kumamoto T, et al.
Identification of a novel, dendritic cell-associated molecule, dectin-1, by
subtractive cDNA cloning. J Biol Chem (2000) 275:20157-67. doi:10.1074/
jbc.M909512199

Brown GD, Gordon S. Immune recognition. a new receptor for beta-glucans.
Nature (2001) 413:36-7. d0i:10.1038/35092620

Taylor PR, Brown GD, Reid DM, Willment JA, Martinez-Pomares L, Gordon S,
et al. The beta-glucan receptor, dectin-1, is predominantly expressed on
the surface of cells of the monocyte/macrophage and neutrophil lineages.
J Immunol (2002) 169:3876-82. doi:10.4049/jimmunol.169.7.3876

van Bruggen R, Drewniak A, Jansen M, van Houdt M, Roos D, Chapel H,
et al. Complement receptor 3, not Dectin-1, is the major receptor on human
neutrophils for beta-glucan-bearing particles. Mol Immunol (2009) 47:575-81.
doi:10.1016/j.molimm.2009.09.018

Brown GD, Taylor PR, Reid DM, Willment JA, Williams DL, Martinez-
Pomares L, et al. Dectin-1 is a major beta-glucan receptor on macrophages.
J Exp Med (2002) 196:407-12. d0i:10.1084/jem.20020470

Huysamen C, Brown GD. The fungal pattern recognition receptor, dectin-1,
and the associated cluster of C-type lectin-like receptors. FEMS Microbiol Lett
(2009) 290:121-8. doi:10.1111/j.1574-6968.2008.01418.x

Brown GD. Dectin-1: a signalling non-TLR pattern-recognition receptor.
Nat Rev Immunol (2006) 6:33-43. doi:10.1038/nril1745

Reid DM, Gow NA, Brown GD. Pattern recognition: recent insights from
dectin-1. Curr Opin Immunol (2009) 21:30-7. d0i:10.1016/j.c0i.2009.01.003
Gringhuis SI, den Dunnen J, Litjens M, van der Vlist M, Wevers B, Bruijns SC,
etal. Dectin-1 directs T helper cell differentiation by controlling noncanonical
NEF-kappaB activation through Raf-1 and Syk. Nat Immunol (2009) 10:203-13.
doi:10.1038/ni.1692

Shah VB, Ozment-Skelton TR, Williams DL, Keshvara L. Vavl and PI3K
are required for phagocytosis of beta-glucan and subsequent superoxide

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

generation by microglia. Mol Immunol (2009) 46:1845-53. doi:10.1016/j.
molimm.2009.01.014

Brown GD, Herre J, Williams DL, Willment JA, Marshall AS, Gordon S.
Dectin-1 mediates the biological effects of beta-glucans. J Exp Med (2003)
197:1119-24. doi:10.1084/jem.20021890

Gantner BN, Simmons RM, Canavera SJ, Akira S, Underhill DM. Collaborative
induction of inflammatory responses by dectin-1 and toll-like receptor 2.
J Exp Med (2003) 197:1107-17. doi:10.1084/jem.20021787

Herre J, Marshall AS, Caron E, Edwards AD, Williams DL, Schweighoffer E,
etal. Dectin-1 uses novel mechanisms for yeast phagocytosis in macrophages.
Blood (2004) 104:4038-45. doi:10.1182/blood-2004-03-1140

Brown GD, Denning DW, Gow NA, Levitz SM, Netea MG, White TC. Hidden
killers: human fungal infections. Sci Transl Med (2012) 4:165rv13. doi:10.1126/
scitranslmed.3004404

Swamydas M, Break TJ, Lionakis MS. Mononuclear phagocyte-mediated
antifungal immunity: the role of chemotactic receptors and ligands. Cell Mol
Life Sci (2015) 72:2157-75. doi:10.1007/s00018-015-1858-6

Rappleye CA, Eissenberg LG, Goldman WE. Histoplasma capsulatum alpha-
(1,3)-glucan blocks innate immune recognition by the beta-glucan receptor.
Proc Natl Acad Sci U S A (2007) 104:1366-70. doi:10.1073/pnas.0609848104
Cross CE, Bancroft GJ. Ingestion of acapsular Cryptococcus neoformans occurs
via mannose and beta-glucan receptors, resulting in cytokine production
and increased phagocytosis of the encapsulated form. Infect Immun (1995)
63:2604-11.

Gantner BN, Simmons RM, Underhill DM. Dectin-1 mediates macrophage
recognition of Candida albicans yeast but not filaments. EMBO ] (2005)
24:1277-86. doi:10.1038/sj.emboj.7600594

Lowman DW, Greene RR, Bearden DW, Kruppa MD, Pottier M, Monteiro MA,
et al. Novel structural features in Candida albicans hyphal glucan provide a
basis for differential innate immune recognition of hyphae versus yeast. ] Biol
Chem (2014) 289:3432-43. d0i:10.1074/jbc.M113.529131

Goodridge HS, Reyes CN, Becker CA, Katsumoto TR, Ma J, Wolf AJ, et al.
Activation of the innate immune receptor Dectin-1 upon formation of a
‘phagocytic synapse’ Nature (2011) 472:471-5. doi:10.1038/nature10071
Erwig LP, Gow NA. Interactions of fungal pathogens with phagocytes. Nat Rev
Microbiol (2016) 14:163-76. doi:10.1038/nrmicro.2015.21

Underhill DM, Rossnagle E, Lowell CA, Simmons RM. Dectin-1 activates
Syk tyrosine kinase in a dynamic subset of macrophages for reactive oxygen
production. Blood (2005) 106:2543-50. doi:10.1182/blood-2005-03-1239
Rogers NC, Slack EC, Edwards AD, Nolte MA, Schulz O, Schweighoffer E,
etal. Syk-dependent cytokine induction by dectin-1 reveals a novel pattern rec-
ognition pathway for C type lectins. Immunity (2005) 22:507-17. doi:10.1016/
j-immuni.2005.06.005

Mansour MK, Tam JM, Khan NS, Seward M, Davids PJ, Puranam S, et al.
Dectin-1 activation controls maturation of beta-1,3-glucan-containing
phagosomes. ] Biol Chem (2013) 288:16043-54. doi:10.1074/jbc.M113.473223
Ma J, Underhill DM. Beta-glucan signaling connects phagocytosis to autoph-
agy. Glycobiology (2013) 23:1047-51. doi:10.1093/glycob/cwt046

Ma J, Becker C, Lowell CA, Underhill DM. Dectin-1-triggered recruitment
of light chain 3 protein to phagosomes facilitates major histocompatibility
complex class II presentation of fungal-derived antigens. J Biol Chem (2012)
287:34149-56. doi:10.1074/jbc.M112.382812

Goodridge HS, Simmons RM, Underhill DM. Dectin-1 stimulation by Candida
albicans yeast or zymosan triggers NFAT activation in macrophages and den-
dritic cells. ] Immunol (2007) 178:3107-15. d0i:10.4049/jimmunol.178.5.3107
Taylor PR, Tsoni SV, Willment JA, Dennehy KM, Rosas M, Findon H, et al.
Dectin-1 is required for beta-glucan recognition and control of fungal infec-
tion. Nat Immunol (2007) 8:31-8. doi:10.1038/ni1408

Saijo S, Fujikado N, Furuta T, Chung SH, Kotaki H, Seki K, et al. Dectin-1 is
required for host defense against Prneumocystis carinii but not against Candida
albicans. Nat Immunol (2007) 8:39-46. doi:10.1038/ni1425

Bose N, Wurst LR, Chan AS, Dudney CM, LeRoux ML, Danielson ME, et al.
Differential regulation of oxidative burst by distinct beta-glucan-binding
receptors and signaling pathways in human peripheral blood mononuclear
cells. Glycobiology (2014) 24:379-91. doi:10.1093/glycob/cwu005

Hogan D, Wheeler RT. The complex roles of NADPH oxidases in fungal
infection. Cell Microbiol (2014) 16:1156-67. d0i:10.1111/cmi.12320

Rosas M, Liddiard K, Kimberg M, Faro-Trindade I, McDonald JU, Williams DL,
et al. The induction of inflammation by dectin-1 in vivo is dependent on

Frontiers in Immunology | www.frontiersin.org

April 2018 | Volume 9 | Article 673


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.carbpol.2012.09.077
https://doi.org/10.1177/
153537020422900507
https://doi.org/10.1177/
153537020422900507
https://doi.org/10.1016/j.mycres.2007.02.011
https://doi.org/10.1111/j.1462-5822.2005.00505.x
https://doi.org/10.1093/glycob/10.4.339
https://doi.org/10.1074/jbc.273.
34.22014
https://doi.org/10.1074/jbc.273.
34.22014
https://doi.org/10.1189/jlb.72.1.140
https://doi.org/10.1159/000463011
https://doi.org/10.1159/000463010
https://doi.org/10.1172/JCI118777
https://doi.org/10.1016/S0162-3109(99)00013-2
https://doi.org/10.1074/jbc.M909512199
https://doi.org/10.1074/jbc.M909512199
https://doi.org/10.1038/35092620
https://doi.org/10.4049/jimmunol.169.7.3876
https://doi.org/10.1016/j.molimm.2009.09.018
https://doi.org/10.1084/jem.20020470
https://doi.org/10.1111/j.1574-6968.2008.01418.x
https://doi.org/10.1038/nri1745
https://doi.org/10.1016/j.coi.2009.01.003
https://doi.org/10.1038/ni.1692
https://doi.org/10.1016/j.molimm.2009.01.014
https://doi.org/10.1016/j.molimm.2009.01.014
https://doi.org/10.1084/jem.20021890
https://doi.org/10.1084/jem.20021787
https://doi.org/10.1182/blood-2004-03-1140
https://doi.org/10.1126/scitranslmed.3004404
https://doi.org/10.1126/scitranslmed.3004404
https://doi.org/10.1007/s00018-015-1858-6
https://doi.org/10.1073/pnas.0609848104
https://doi.org/10.1038/sj.emboj.7600594
https://doi.org/10.1074/jbc.M113.529131
https://doi.org/10.1038/nature10071
https://doi.org/10.1038/nrmicro.2015.21
https://doi.org/10.1182/blood-2005-03-1239
https://doi.org/10.1016/
j.immuni.2005.06.005
https://doi.org/10.1016/
j.immuni.2005.06.005
https://doi.org/10.1074/jbc.M113.473223
https://doi.org/10.1093/glycob/cwt046
https://doi.org/10.1074/jbc.M112.382812
https://doi.org/10.4049/jimmunol.178.5.3107
https://doi.org/10.1038/ni1408
https://doi.org/10.1038/ni1425
https://doi.org/10.1093/glycob/cwu005
https://doi.org/10.1111/cmi.12320

Camilli et al.

B-Glucan in Health and Disease

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

myeloid cell programming and the progression of phagocytosis. J Immunol
(2008) 181:3549-57. doi:10.4049/jimmunol.181.5.3549

Hernanz-Falcon P, Joffre O, Williams DL, Reis e Sousa C. Internalization of
dectin-1 terminates induction of inflammatory responses. Eur ] Immunol
(2009) 39:507-13. doi:10.1002/¢ji.200838687

Camilli G, Eren E, Williams DL, Aimanianda V, Meunier E, Quintin J.
Impaired phagocytosis directs human monocyte activation in response to
fungal derived beta-glucan particles. Eur J Immunol (2018). doi:10.1002/
€ji.201747224

Gross O, Poeck H, Bscheider M, Dostert C, Hannesschlager N, Endres S, et al.
Syk kinase signalling couples to the Nlrp3 inflammasome for anti-fungal host
defence. Nature (2009) 459:433-6. d0i:10.1038/nature07965

Hise AG, Tomalka J, Ganesan S, Patel K, Hall BA, Brown GD, et al. An essential
role for the NLRP3 inflammasome in host defense against the human fungal
pathogen Candida albicans. Cell Host Microbe (2009) 5:487-97. doi:10.1016/j.
chom.2009.05.002

Karki R, Man SM, Malireddi RK, Gurung P, Vogel P, Lamkanfi M, et al.
Concerted activation of the AIM2 and NLRP3 inflammasomes orchestrates
host protection against Aspergillus infection. Cell Host Microbe (2015)
17:357-68. doi:10.1016/j.chom.2015.01.006

Lei G, Chen M, Li H, Niu JL, Wu S, Mao L, et al. Biofilm from a clinical strain of
Cryptococcus neoformans activates the NLRP3 inflammasome. Cell Res (2013)
23:965-8. doi:10.1038/cr.2013.49

Gringhuis SI, Kaptein TM, Wevers BA, Theelen B, van der Vlist M, Boekhout T,
et al. Dectin-1 is an extracellular pathogen sensor for the induction and pro-
cessing of IL-1beta via a noncanonical caspase-8 inflammasome. Nat Immunol
(2012) 13:246-54. doi:10.1038/ni.2222

Brodsky IE, Medzhitov R. Pyroptosis: macrophage suicide exposes hidden
invaders. Curr Biol (2011) 21:R72-5. doi:10.1016/j.cub.2010.12.008
Wellington M, Koselny K, Sutterwala FS, Krysan DJ. Candida albicans triggers
NLRP3-mediated pyroptosis in macrophages. Eukaryot Cell (2014) 13:329-40.
doi:10.1128/EC.00336-13

Uwamahoro N, Verma-Gaur J, Shen HH, Qu Y, Lewis R, Lu J, et al. The
pathogen Candida albicans hijacks pyroptosis for escape from macrophages.
MBio (2014) 5:e00003-14. doi:10.1128/mBi0.00003-14

Liang J, Melican D, Cafro L, Palace G, Fisette L, Armstrong R, et al. Enhanced
clearance of a multiple antibiotic resistant Staphylococcus aureus in rats
treated with PGG-glucan is associated with increased leukocyte counts and
increased neutrophil oxidative burst activity. Int ] Immunopharmacol (1998)
20:595-614. doi:10.1016/50192-0561(98)00007-1

Soltys J, Quinn MT. Modulation of endotoxin- and enterotoxin-induced
cytokine release by in vivo treatment with beta-(1,6)-branched beta-(1,3)-
glucan. Infect Immun (1999) 67:244-52.

Williams DL, Browder IW, Di Luzio NR. Immunotherapeutic modification of
Escherichia coli - induced experimental peritonitis and bacteremia by glucan.
Surgery (1983) 93:448-54.

Markova N, Kussovski V, Drandarska I, Nikolaeva S, Georgieva N,
Radoucheva T. Protective activity of lentinan in experimental tuberculosis.
Int Immunopharmacol (2003) 3:1557-62. doi:10.1016/S1567-5769(03)00178-4
Markova N, Michailova L, Kussovski V, Jourdanova M, Radoucheva T.
Intranasal application of lentinan enhances bactericidal activity of rat alveolar
macrophages against Mycobacterium tuberculosis. Pharmazie (2005) 60:42-8.
Ahn H, Jeon E, Kim JC, Kang SG, Yoon SI, Ko HJ, et al. Lentinan from shiitake
selectively attenuates AIM2 and non-canonical inflammasome activation
while inducing pro-inflammatory cytokine production. Sci Rep (2017) 7:1314.
doi:10.1038/s41598-017-01462-4

Takeyama T, Suzuki I, Ohno N, Oikawa S, Sato K, Ohsawa M, et al. Host-
mediated antitumor effect of grifolan NMF-5N, a polysaccharide obtained
from Grifola frondosa. ] Pharmacobiodyn (1987) 10:644-51. doi:10.1248/
bpb1978.10.644

Ladanyi A, Timar ], Lapis K. Effect of lentinan on macrophage cytotoxicity
against metastatic tumor cells. Cancer Immunol Immunother (1993) 36:123-6.
doi:10.1007/BF01754412

Kurashige S, Akuzawa Y, Endo F Effects of Lentinus edodes, Grifola frondosa
and Pleurotus ostreatus administration on cancer outbreak, and activities of
macrophages and lymphocytes in mice treated with a carcinogen, N-butyl-N-
butanolnitrosoamine. Immunopharmacol Immunotoxicol (1997) 19:175-83.
doi:10.3109/08923979709007657

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Ikeda Y, Adachi Y, Ishii T, Tamura H, Aketagawa ], Tanaka S, et al. Blocking
effect of anti-dectin-1 antibodies on the anti-tumor activity of 1,3-beta-
glucan and the binding of dectin-1 to 1,3-beta-glucan. Biol Pharm Bull (2007)
30:1384-9. doi:10.1248/bpb.30.1384

Yoon TJ, Kim TJ, Lee H, Shin KS, Yun YP, Moon WK, et al. Anti-tumor meta-
static activity of beta-glucan purified from mutated Saccharomyces cerevisiae.
Int Immunopharmacol (2008) 8:36-42. doi:10.1016/j.intimp.2007.10.005
HongF, Yan], Baran ] T, Allendorf DJ, Hansen RD, Ostroff GR, et al. Mechanism
by which orally administered beta-1,3-glucans enhance the tumoricidal activ-
ity of antitumor monoclonal antibodies in murine tumor models. ] Immunol
(2004) 173:797-806. doi:10.4049/jimmunol.173.2.797

Wang WJ, Wu YS, Chen S, Liu CE Chen SN. Mushroom beta-glucan may
immunomodulate the tumor-associated macrophages in the Lewis lung
carcinoma. Biomed Res Int (2015) 2015:604385. doi:10.1155/2015/604385
Liu M, Luo E Ding C, Albeituni S, Hu X, Ma Y, et al. Dectin-1 activation by a
natural product beta-glucan converts immunosuppressive macrophages into
an M1-like phenotype. ] Immunol (2015) 195:5055-65. doi:10.4049/jimmunol.
1501158

Hofer M, Pospisil M. Modulation of animal and human hematopoiesis
by beta-glucans: a review. Molecules (2011) 16:7969-79. doi:10.3390/
molecules16097969

Cleary JA, Kelly GE, Husband AJ. The effect of molecular weight and beta-
1,6-linkages on priming of macrophage function in mice by (1,3)-beta-D-
glucan. Immunol Cell Biol (1999) 77:395-403. doi:10.1046/j.1440-1711.1999.
00848.x

Chan WK, Law HK, Lin ZB, Lau YL, Chan GC. Response of human dendritic
cells to different immunomodulatory polysaccharides derived from mush-
room and barley. Int Immunol (2007) 19:891-9. doi:10.1093/intimm/dxm061
Chan WK, Cheung CC, Law HK, Lau YL, Chan GC. Ganoderma lucidum
polysaccharides can induce human monocytic leukemia cells into dendritic
cells with immuno-stimulatory function. ] Hematol Oncol (2008) 1:9.
doi:10.1186/1756-8722-1-9

Demir G, Klein HO, Mandel-Molinas N, Tuzuner N. Beta glucan induces
proliferation and activation of monocytes in peripheral blood of patients with
advanced breast cancer. Int Immunopharmacol (2007) 7:113-6. doi:10.1016/j.
intimp.2006.08.011

Babineau TJ, Hackford A, Kenler A, Bistrian B, Forse RA, Fairchild PG,
et al. A phase II multicenter, double-blind, randomized, placebo-controlled
study of three dosages of an immunomodulator (PGG-glucan) in high-risk
surgical patients. Arch Surg (1994) 129:1204-10. doi:10.1001/archsurg.1994.
01420350102014

Babineau TJ, Marcello P, Swails W, Kenler A, Bistrian B, Forse RA. Randomized
phase I/II trial of a macrophage-specific immunomodulator (PGG-glucan)
in high-risk surgical patients. Ann Surg (1994) 220:601-9. doi:10.1097/
00000658-199411000-00002

Dellinger EP, Babineau TJ, Bleicher P, Kaiser AB, Seibert GB, Postier RG,
et al. Effect of PGG-glucan on the rate of serious postoperative infection
or death observed after high-risk gastrointestinal operations. Betafectin
Gastrointestinal Study Group. Arch Surg (1999) 134:977-83. doi:10.1001/
archsurg.134.9.977

Netea MG, Quintin J, van der Meer JW. Trained immunity: a memory for
innate host defense. Cell Host Microbe (2011) 9:355-61. doi:10.1016/j.
chom.2011.04.006

Bistoni F, Vecchiarelli A, Cenci E, Puccetti P, Marconi P, Cassone A. Evidence
for macrophage-mediated protection against lethal Candida albicans infec-
tion. Infect Immun (1986) 51:668-74.

Bistoni F, Verducci G, Perito S, Vecchiarelli A, Puccetti P, Marconi P, et al.
Immunomodulation by a low-virulence, agerminative variant of Candida
albicans. Further evidence for macrophage activation as one of the effector
mechanisms of nonspecific anti-infectious protection. ] Med Vet Mycol (1988)
26:285-99. doi:10.1080/02681218880000401

Vecchiarelli A, Cenci E, Puliti M, Blasi E, Puccetti P, Cassone A, et al. Protective
immunity induced by low-virulence Candida albicans: cytokine production in
the development of the anti-infectious state. Cell Immunol (1989) 124:334-44.
doi:10.1016/0008-8749(89)90135-4

Biswas SK, Mantovani A. Macrophage plasticity and interaction with
lymphocyte subsets: cancer as a paradigm. Nat Immunol (2010) 11:889-96.
do0i:10.1038/ni.1937

Frontiers in Immunology | www.frontiersin.org

April 2018 | Volume 9 | Article 673


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.4049/jimmunol.181.5.3549
https://doi.org/10.1002/eji.200838687
https://doi.org/10.1002/eji.201747224
https://doi.org/10.1002/eji.201747224
https://doi.org/10.1038/nature07965
https://doi.org/10.1016/j.chom.2009.05.002
https://doi.org/10.1016/j.chom.2009.05.002
https://doi.org/10.1016/j.chom.2015.01.006
https://doi.org/10.1038/cr.2013.49
https://doi.org/10.1038/ni.2222
https://doi.org/10.1016/j.cub.2010.12.008
https://doi.org/10.1128/EC.00336-13
https://doi.org/10.1128/mBio.00003-14
https://doi.org/10.1016/S0192-0561(98)00007-1
https://doi.org/10.1016/S1567-5769(03)00178-4
https://doi.org/10.1038/s41598-017-01462-4
https://doi.org/10.1248/bpb1978.10.644
https://doi.org/10.1248/bpb1978.10.644
https://doi.org/10.1007/BF01754412
https://doi.org/10.3109/08923979709007657
https://doi.org/10.1248/bpb.30.1384
https://doi.org/10.1016/j.intimp.2007.10.005
https://doi.org/10.4049/jimmunol.173.2.797
https://doi.org/10.1155/2015/604385
https://doi.org/10.4049/jimmunol.
1501158
https://doi.org/10.4049/jimmunol.
1501158
https://doi.org/10.3390/molecules16097969
https://doi.org/10.3390/molecules16097969
https://doi.org/10.1046/j.1440-1711.1999.
00848.x
https://doi.org/10.1046/j.1440-1711.1999.
00848.x
https://doi.org/10.1093/intimm/dxm061
https://doi.org/10.1186/1756-8722-1-9
https://doi.org/10.1016/j.intimp.2006.08.011
https://doi.org/10.1016/j.intimp.2006.08.011
https://doi.org/10.1001/archsurg.1994.
01420350102014
https://doi.org/10.1001/archsurg.1994.
01420350102014
https://doi.org/10.1097/
00000658-199411000-00002
https://doi.org/10.1097/
00000658-199411000-00002
https://doi.org/10.1001/archsurg.134.9.977
https://doi.org/10.1001/archsurg.134.9.977
https://doi.org/10.1016/j.chom.2011.04.006
https://doi.org/10.1016/j.chom.2011.04.006
https://doi.org/10.1080/02681218880000401
https://doi.org/10.1016/0008-8749(89)90135-4
https://doi.org/10.1038/ni.1937

Camilli et al.

B-Glucan in Health and Disease

85.

86.

87.

88.

89.

90.

91.

Bowdish DM, Loffredo MS, Mukhopadhyay S, Mantovani A, Gordon S.
Macrophage receptors implicated in the “adaptive” form of innate immunity.
Microbes Infect (2007) 9:1680-7. d0i:10.1016/j.micinf.2007.09.002

Quintin J, Saeed S, Martens JH, Giamarellos-Bourboulis EJ, Ifrim DC,
Logie C, et al. Candida albicans infection affords protection against reinfec-
tion via functional reprogramming of monocytes. Cell Host Microbe (2012)
12:223-32. doi:10.1016/j.chom.2012.06.006

Saeed S, Quintin J, Kerstens HH, Rao NA, Aghajanirefah A, Matarese E
et al. Epigenetic programming of monocyte-to-macrophage differentiation
and trained innate immunity. Science (2014) 345:1251086. doi:10.1126/
science.1251086

Cheng SC, Quintin ], Cramer RA, Shepardson KM, Saeed S, Kumar V, et al.
mTOR- and HIF-1alpha-mediated aerobic glycolysis as metabolic basis for
trained immunity. Science (2014) 345:1250684. doi:10.1126/science.1250684
Arts R], Novakovic B, Ter Horst R, Carvalho A, Bekkering S, Lachmandas E,
et al. Glutaminolysis and fumarate accumulation integrate immunometabolic
and epigenetic programs in trained immunity. Cell Metab (2016) 24:807-19.
doi:10.1016/j.cmet.2016.10.008

Ifrim DC, Quintin ], Meerstein-Kessel L, Plantinga TS, Joosten LA, van der
Meer JW, et al. Defective trained immunity in patients with STAT-1-dependent
chronic mucocutaneaous candidiasis. Clin Exp Immunol (2015) 181:434-40.
doi:10.1111/cei.12642

Buffen K, Oosting M, Quintin J, Ng A, Kleinnijenhuis J, Kumar V, et al.
Autophagy controls BCG-induced trained immunity and the response to

92.

93.

94.

intravesical BCG therapy for bladder cancer. PLoS Pathog (2014) 10:¢1004485.
doi:10.1371/journal.ppat.1004485

Leentjens J, Quintin J, Gerretsen J, Kox M, Pickkers P, Netea MG. The effects
of orally administered beta-glucan on innate immune responses in humans,
a randomized open-label intervention pilot-study. PLoS One (2014) 9:e108794.
doi:10.1371/journal.pone.0108794

Yona S, Kim KW, Wolf Y, Mildner A, Varol D, Breker M, et al. Fate mapping
reveals origins and dynamics of monocytes and tissue macrophages under
homeostasis. Immunity (2013) 38:79-91. doi:10.1016/j.immuni.2012.
12.001

Mitroulis I, Ruppova K, Wang B, Chen LS, Grzybek M, Grinenko T, et al.
Modulation of myelopoiesis progenitors is an integral component of trained
immunity. Cell (2018) 172:147-61.e12. doi:10.1016/j.cell.2017.11.034

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2018 Camilli, Tabouret and Quintin. This is an open-access article
distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

April 2018 | Volume 9 | Article 673


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.micinf.2007.09.002
https://doi.org/10.1016/j.chom.2012.06.006
https://doi.org/10.1126/science.1251086
https://doi.org/10.1126/science.1251086
https://doi.org/10.1126/science.1250684
https://doi.org/10.1016/j.cmet.2016.10.008
https://doi.org/10.1111/cei.12642
https://doi.org/10.1371/journal.ppat.1004485
https://doi.org/10.1371/journal.pone.0108794
https://doi.org/10.1016/j.immuni.2012.
12.001
https://doi.org/10.1016/j.immuni.2012.
12.001
https://doi.org/10.1016/j.cell.2017.11.034
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	The Complexity of Fungal β-Glucan in Health and Disease: Effects on 
the Mononuclear Phagocyte System
	Introduction
	β-Glucan-Mediated Interactions of Fungal Pathogens with Mononuclear Phagocytes
	Effects of Fungal β-Glucan Treatment on Infectious Diseases and Cancer: Involvement of the Monocyte–Macrophage Axis
	β-Glucan Imprinting of Mononuclear Immune Cells
	Conclusion
	Author Contributions
	Funding
	References


