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A B S T R A C T

β-glucans consisting of β-(1,3)-linked glucose as the main chain (hereafter simply called “β-glucan”) are sug-
gested to have the potential for many beneficial effects on health. Among known beneficial effects, the most
notable effect of β-glucan would be the antitumor effect. The antitumor effect of β-glucan has been known since
the mid-twentieth century. In current cancer treatments where immune checkpoint inhibitors are attracting
attention, it is expected that the combined administration of β-glucan will exhibit a greater therapeutic effect.
The antitumor effect of β-glucan is believed to be closely linked to the receptors that recognize β-glucan. On the
other hand, it has been clarified that there are many receptors for the recognition of β-glucan, in addition to CR3
(complement receptor 3) and dectin-1 (dendritic cell-associated C-type lectin-1), the well-known β-glucan re-
ceptors. This review focused on various β-glucan receptors reported previously and discusses the molecular
mechanisms through which β-glucans exhibit antitumor effects.

1. Introduction

β-glucans consisting of β-(1,3)-linked glucose (hereafter simply
called “β-glucan”) function as dietary fibers and immune modifiers. The
health-promoting effects of β-glucans delivered from various organisms,
including cereals (barley [Hordeum vulgare L.] and oat [Avena sativa L.]),
yeast (e.g. Saccharomyces cerevisiae and Aureobasidium pullulans),
mushroom (e.g. Lentinula edodes, Schizophyllum commune, Trametes ver-
sicolor, and Ganoderma lucidum), seaweed (e.g. Laminaria Digitata and
other Laminaria), algae (e.g. Euglena gracilis) and bacteria (e.g. Alcali-
genes faecalis and other Agrobacterium species and Alcaligenes) have been
reported, and these β-glucans are consumed as health-promoting foods
or supplements.

β-glucan is a major compound in the cell wall of fungi causing
opportunistic infection [1], such as Candida albicans, Cryptococcus neo-
formans, and Aspergillus fumigatus. Thus, the administration of β-glucan
mimics fungal infection, resulting in the activation of immunity. The
research using experimental animals showed that oral administration of
β-glucan is not only effective for the resistance of fungal infections [2]
but also effective in protecting from bacterial and protozoal infections
[3] as well as virus infections [4–6]. Oral administration of β-glucan has
been reported to activate adaptive immunity in aged mice, suggesting

that β-glucan is effective in stimulating immunity without affecting
homeostasis by oral administration [7]. It has also been suggested in
humans that oral administration of β-glucan is effective for the activa-
tion of immunity and the prevention of infectious diseases [8,9].
β-glucan also can suppress excess inflammations. It has been reported
that β-glucan exhibits anti-inflammatory effects against experimentally
induced colitis [10], hepatitis [11], and burn sepsis [12] in mice. Also in
humans, the administration of β-glucan has been shown to suppress the
serum level of cytokines in patients with ulcerative colitis and Crohn’s
disease [13], and to improve allergy symptoms [14].

Beneficial effects of β-glucan on metabolic syndrome and its related
diseases such as fatty liver disease, atherosclerosis, and type 2 diabetes
have been reported. The results of animal experiments showed that oral
administration of β-glucan ameliorates high-fat diet-induced NAFLD
(nonalcoholic fatty liver disease) [15,16] and high-fat diet-induced
atherosclerosis [17]. In addition, the studies using the mouse and the rat
models for type 2 diabetes showed that oral administration of β-glucan
improves metabolic profile including blood glucose level [18,19]. It is
suggested in humans that the oral administration of β-glucan decreases
blood cholesterol levels, and the consumption of β-glucan is thought to
be effective for the risk reduction of metabolic syndrome [20,21].

Since the next-generation sequencer has become commonly used,
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and the analysis of gut microbiota has become easier, it is clarified that
the microbiota is involved in various diseases [22]. The findings that
oral administration of β-glucan can modulate gut microbiota suggest
that β-glucan has the potential to act as a prebiotic. The potential for the
beneficial effects of the oral administration of β-glucan through modu-
lating the microbiota of livestock and poultry has been reported
[23–25]. Related to the beneficial effects of β-glucan on metabolic
syndrome described above, the studies using experimental animals
showed the significance of modulating microbiota after oral adminis-
tration of β-glucan on improving metabolic disorders caused by high-fat
diet [26]. Interestingly, it has also been suggested the possibility that the
administration of β-glucan is effective for the improvement of dementia
through modulation of the microbiota [27,28]. It has also been reported
in humans that consumption of β-glucan may lead to favorable changes
in the microbiota, resulting in the reduction of the risk factor for car-
diovascular diseases related to metabolic syndrome [29]. Further, the
results of a human intervention study on children with autism spectrum
disorder demonstrated that the bacteria involved in the production of
amyloid curli, which is linked to the onset of Alzheimer’s disease, were
decreased in the microbiota after oral administration of β-glucan, sug-
gesting that consumption of β-glucan may be effective to prevent Alz-
heimer’s disease [30].

As described, it has been suggested that β-glucan exhibits various
health benefits. Nevertheless, the most notable effects of β-glucan would
be antitumor effects. The studies on the antitumor effects of β-glucan
date back a long time, and started with the discovery that microbial
components inhibited the growth of tumor cells experimentally trans-
planted into mice [31]. In the 1950s, zymosan, a polysaccharide derived
from S. cerevisiae containing β-glucan as a main compound was found to
exhibit antitumor activity [32,33]. Depending on these backgrounds,
the studies on the antitumor effects of β-glucan progressed. In Japan,
Lentinan [34,35] derived from the fruiting body of the shiitake mush-
room (L. edodes) has been approved as an anticancer drug for the
application of intravenous injection. In addition, schizophyllan (or
sizofiran) [36] derived from the suehirotake mushroom (S. commune)
and Krestin [37,38] derived from the mycelium of the CM-101 strain of
the kawaratake mushroom (T. versicolor) have also been approved in
Japan for the application of intramuscular injection and oral adminis-
tration respectively. Since these antitumor drugs containing β-glucan
did not always exhibit outstanding effects under clinical conditions, in
principle, these β-glucan drugs were not used for monotherapy, but for
combination with chemotherapy or radiotherapy to alleviate side effects
and to support immunity. Later, these β-glucan drugs were discontinued,
and molecular-targeted drugs are now at the center of attention for
cancer therapy. Nevertheless, research on the antitumor effects of
β-glucan is still being conducted, and the effectiveness of combination
therapy of β-glucan with antibodies targeting tumor cells or immune
checkpoint inhibitors has been demonstrated [39–41].

As mentioned, β-glucan is known to be a major component of the cell
walls of fungi that cause opportunistic infections. Consequently, the
anticancer effect of β-glucan is often understood to be exerted through
activating the immune system by mimicking fungal infections. Although
this is true in a broad sense, closely considering the physiological
functions of β-glucan receptors and the effects of β-glucan on β-glucan
receptors suggest that the antitumor effects of β-glucan are not restricted
to exhibit through simple activation of the immune system. The mech-
anism to exhibit antitumor effects of β-glucan is thought to include the
acquisition of the ability of immune cells to attack tumor cells escaped
from antitumor immunity, the similarity of β-glucan with tumor-specific
sugar chains, and the induction of direct cell death against tumor cells.
This review focuses on various receptors involved in recognizing
β-glucan and discusses the molecular mechanisms that exhibit antitumor
effects of β-glucan based on physiological functions.

2. CR3 (complement receptor 3)

CR3 (complement receptor 3) also known as Mac-1 (macrophage-1
antigen), integrin αM/β2, and CD (cluster of differentiation) 11b/CD18
is the first discovered receptor for the recognition of β-glucan [42]. CR3
consists of a heterodimer of CD11b (integrin αM) and CD18 (integrin
β2). An endogenous ligand of CR3 is the complement component iC3b
(inactivated complement component 3b), and the iC3b recognition site
of CR3 has been identified to be the I domain consisting of approxi-
mately 200 amino acids located near the N-terminus of CD11b subunit
[43]. On the other hand, the β-glucan recognition site of CR3 is distinct
from the I domain, and the lectin-like domain placed near the trans-
membrane domain on the C-terminus of CD11b is responsible for the
recognition [44,45].

The complement system was originally discovered as an immune
system that "complements" the function of antibodies, which recognize
specific antigens for the inactivation and the elimination of pathogens,
hence the name complement system. However, while antibodies are an
immune mechanism that is evolutionarily acquired in vertebrates after
cartilaginous fish, the complement system is also found in invertebrates
that do not have antibodies. Therefore, it is considered that the com-
plement system has been established before antibodies in the course of
evolution [46,47]. Although the name complement system is widely
used, to understand the complement system, it should be noted that the
complement system is not an immune mechanism that was originally
acquired to complement the function of antibodies.

Three activation pathways for the complement system are classified
[48–50]. The first one is the classical pathway which is the initially
identified pathway in activating the complement system and initiated by
an antibody binding to an antigen. The second is the lectin pathway
initiated by binding lectin, such as MBL (mannose-binding lectin) and
ficolin, to a target molecule. The last one is the alternative pathway
which supports the classical pathway and the lectin pathway and acti-
vates complement components in a self-activation and self-replicating
manner. When the complement system is activated through these
pathways, a complement component C3 present in bodily fluids is
cleaved into C3a and C3b, and C3b covalently binds to the target
molecule (opsonization). The opsonization of C3b activates the phago-
cytosis of phagocytes. The opsonization of C3b also activates the
downstream complement cascade to form MAC (membrane attack
complex), which makes a pore on the surface of the target (e.g. fungi,
bacteria, virus, and tumor cell) and kills them.

The complement component iC3b recognized by CR3 is the inacti-
vated form of C3b as suggested by the name. Unlike C3b, iC3b cannot
activate the downstream complement cascade, iC3b is hence not able to
induce cell death by forming MAC. The conversion of C3b to iC3b is
processed by proteolytic cleavage that is catalyzed with a serine prote-
ase, complement factor I, and its co-factor MCP (membrane cofactor
protein, also known as CD46) [51,52]. In addition, CR1 (complement
receptor 1, also known as CD35) which is known to be a receptor for the
recognition of C3b is also involved in the proteolytic cleavage mediated
by the complement factor I [52]. This pathway for the inactivation of
C3b is not only thought to exist to control the activation of the com-
plement system but also to protect autologous cells from the attack of the
complement system. MCP is known to be ubiquitously expressed in
almost all cells. It is thought that when autologous cells are opsonized
with C3b, the opsonized C3b is immediately converted into inactive
iC3b through the inactivation pathway-mediated proteolytic reaction,
thereby preventing cell death caused by the formation of MAC [53].

Overexpression of MCP is found in many tumor cells [53,54], sug-
gesting that the conversion pathway of C3b to iC3b is important for the
immune escaping strategy of tumor cells. The tumor cells opsonized with
iC3b can escape from phagocytosis and oxidative burst by neutrophils or
cell killing by natural killer cells, but when the presence of β-glucan
makes tumor cells susceptible to these antitumor responses [55–58].
This effect of β-glucan is CR3-dependent and requires that iC3b and
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β-glucan bind to CR3 simultaneously. In other words, CR3 does not
transduce the activation signal which induces phagocytosis and oxida-
tive burst to neutrophils or natural killer cells when CR3 recognizes iC3b
(or β-glucan) alone, but CR3 transduces the activation signals to these
immune cells when CR3 simultaneously recognizes iC3b and β-glucan.

The effect of β-glucan co-stimulation with iC3b for the activation of
CR3 is thought to be developed as a host-defense mechanism against the
infection of fungi carrying β-glucan as a major compound of the cell
wall. Some pathogenic fungi causing opportunistic infections can
convert C3b to iC3b [59,60]. Even if these pathogenic fungi convert C3b
to iC3b to escape from the cell death induced by the activation of the
complement system, neutrophils, and natural killer cells expressing CR3
on the cell surface can recognize these fungi as extracellular pathogens
and eliminate these through the activation of CR3 mediated signaling
pathway by the simultaneous recognition of iC3b and β-glucan present
in the fungal cell wall. As commented above, many tumor cells over-
expressed MCP can rapidly convert C3b to iC3b, resulting that the tumor
cells can escape from the cell death induced by the formation of MAC
after the activation of the complement system. At the same time, the
tumor cells lack the glycans recognized by CR3. Thus the iC3b opsonized
tumor cells do not activate the CR3-mediated signaling and can escape
from the attack of immune cells including neutrophils and natural killer
cells. On the other hand, in the presence of β-glucan, CR3 expressed on
the surface of neutrophils and natural killer cells recognized the iC3b
opsonized tumor cells as pathogen-like matters in a similar way to the
iC3b opsonized fungal cells, and then the iC3b opsonized tumor cells
become susceptible to the attack from these immune cells. This phe-
nomenon is thought to play an important role in the antitumor effects of
β-glucan. Further, this phenomenon also suggests that the therapeutic
effect of tumor-specific monoclonal antibodies that induce opsonization
of tumor cells with iC3b through the classical pathway-mediated acti-
vation of the complement system may be enhanced by the simultaneous
treatment with β-glucan. Indeed, it has been shown using mouse tumor
models that the therapeutic effect of tumor-specific monoclonal anti-
bodies is enhanced by the combination treatment with β-glucan [61,62].

Leukadherin-1 (also known as ADH-503) is a small molecule that
targets CR3 [63]. The binding site of leukadherin-1 in CR3 is the I
domain of CD11b, which is responsible for binding to iC3b, ICAM
(intercellular adhesion molecule) -1, ICAM-2, and fibrinogen. This dif-
fers from the β-glucan binding site, the lectin-like domain located near
the transmembrane domain of CD11b. Leukadherin-1 strengthens the
binding of CR3 to ICAM-1 and ICAM-2 in the extracellular matrix,
whereas β-glucan inhibits the binding of CR3 to these molecules [64].
Although, there are some functional differences between leukadherin-1
and β-glucan, the function thought to be involved in the antitumor ef-
fects is resembled. Leukadherin-1 enhances the binding of CR3 to iC3b
as similar to β-glucan [63], and the stimulation with β-glucan alone

partially activates CR3 as similar to leukadherin-1 [65]. It has been re-
ported that the combination treatment with leukadherin-1 and
anti-PD-1 (programmed death-1, also known as CD279) antibody, which
is an inhibitor of the PD-1/PD-L1 (programmed death ligand 1, also
known as CD274) checkpoints, can enhance the therapy sensitivity of
the tumor cells that are resistant to anti-PD-1 antibody monotherapy
[66]. A similar effect has also been shownwith β-glucan [67], suggesting
the significance of CR3 in tumor immunity, and the importance of
modulating CR3 function in tumor therapy.

3. Dectin-1 (dendritic cell-associated C-type lectin-1)

C-type lectins are calcium-dependent glycan-recognition molecules.
C-type lectins expressed in macrophages and dendritic cells play an
important role in recognizing extracellular pathogens and activating the
immune system. Dectin-1 (dendritic cell-associated C-type lectin-1, also
known as CLEC7A [C-type lectin domain containing 7A] and SCARE2
[scavenger receptor class F member 1]) is a member of the C-type lectin
family and was found as a receptor for β-glucan expressed in macro-
phages [68]. Dectin-1 was initially identified by subtractive cDNA
cloning as a gene abundantly expressed in a dendritic cell-like cell line,
XS52 cells, but with low expression in non-dendritic cells including a
macrophage-like cell line, J774 [69]. Although dectin-1 was discovered
in this way, it is now commonly understood that dectin-1 is a major
receptor for recognizing β-glucan expressed on the surface of macro-
phages [70]. Eight alternatively spliced isoforms of dectin-1 were
identified in humans, but only two major isoforms of these, decin-1A
and dectin-1B are responsible for recognizing β-glucan [71].

Considering the role of dectin-1 in the antitumor effects of β-glucan,
it is notable that dectin-1 not only acts as a receptor for the recognition
of β-glucan but also acts as a receptor for the recognition of the N-glycan
structure specifically expressed on the surface of tumor cells [72]. When
dectin-1 is expressed on dendritic cells and macrophages recognize the
N-glycan structure expressed on tumor cells, dectin-1 activates the
transcription factor IRF5 (Interferon regulatory factor-5) through the
activation of the downstream signaling pathway, and enhances tumor
cell killing by natural killer cells through the cell-to-cell contact. This
IRF5 activation is also induced by curdlan, β-glucan produced by Alca-
ligenes faecalis var. myxogenes [72]. Therefore, β-glucan is thought to be
effective in enhancing antitumor immunity via dectin-1 by mimicking
the glycans expressed on the surface of tumor cells.

Experiments using mice showed that although dectin-1 can bind with
high affinity to both soluble and insoluble particulate β-glucans, only
insoluble particulate β-glucans such as zymosan and curdlan can acti-
vate the dectin-1-mediated signaling pathway [73,74]. In addition,
these studies also showed that a soluble β-glucan, laminarin acts as an
antagonist which inhibits the dectin-1-mediated signaling pathway

Fig. 1. The function of iC3b on the complement system and the effect of β-glucan on CR3 activation.
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activated by these insoluble particulate β-glucans. Human and mouse
dectin-1 share 60% amino acid sequence identity and are structurally
similar, but differ in the N-linked glycosylation sites [75]. Two dectin-1
isoforms responsible for recognizing β-glucan, dectin-1A, and dectin-1B
are distinct in the length of the stalk region outside the cell membrane.
Mouse dectin-1A and dectin-1B isoforms have two N-linked glycosyla-
tion sites in CRD (carbohydrate recognition domain) responsible for
recognizing β-glucan. Human dectin-1A has an N-linked glycosylation
site in the stalk region connecting to the CRD, and human dectin-1B,
which has a shorter stalk region, has no N-linked glycosylation sites.
This difference in N-linked glycosylation sites is thought to influence the
responsiveness of human dectin-1 and mouse dectin-1 to β-glucan. Ac-
cording to experimental data using the cells ectopically expressed two
isoforms of human and mouse dectin-1 reported by InvivoGen, human
dectin-1B does not respond to laminarin, but dectin-1A responds to
laminarin and activates downstream signaling [76]. In this report,
mouse dectin-1A and dectin-1B isoforms do not react to laminarin as
previously reported [73,74]. Therefore, it should be noted that the
dectin-1 response to soluble β-glucan may differ between humans and
mice.

A study using monoclonal antibodies to analyze the expression of the
dectin-1 isoforms, dectin-1A and dectin-1B in humans demonstrated
that both dectin-1A and dectin-1B are expressed in peripheral blood
monocytes, macrophages, dendritic cells, neutrophils, and eosinophils.
On the other hand, mature monocyte-derived macrophages and den-
dritic cells express almost exclusively dectin-1B [77]. Therefore, it is
likely that also in humans, soluble β-glucans act as a dectin-1 antagonist
of on these cells expressed dectin-1B only.

Dectin-1 deficient mice injected intravenously with B16F1 mela-
noma cells have been shown to exhibit enhanced lung metastasis of
B16F10 melanoma cells compared to normal mice, suggesting the sig-
nificance of dectin-1 in eliminating tumor cells [72]. However, analysis
of other tumors using dectin-1 deficient mice has shown that expression
of dectin-1 in tumor-associated macrophages contributes to tumor pro-
gression [78,79]. It has been reported that in lung adenocarcinoma,
tumor-resident Aspergillus sydowii is enriched, and this β-glucan
expressed fungi is involved in tumor initiation and progression through
the activation of the signaling pathway mediated by dectin-1 in
myeloid-derived suppressor cells [80]. Further, a chemically induced
colorectal tumor model using carcinogenic hypersensitive mice showed
that dectin-1 deficiency suppresses intestinal tumorigenesis, and oral
administration of laminarin also suppresses the development of mouse
colorectal tumors [81]. On the other hand, there is also a report that oral
administration of particulate insoluble β-glucan reduces the incidence of
chemically induced colitis and associated colorectal cancer [82]. In
addition, particulate insoluble β-glucan derived from the cell wall of S.

cerevisiae has been consumed by many people for so long as a supple-
ment. Therefore, particulate insoluble β-glucan does not probably pro-
mote tumor initiation and progression under conventional conditions.
However, these phenomena suggest that activation of the dectin-1
signaling pathway does not necessarily have an antitumor effect. Espe-
cially, it should be noted that in immune cells infiltrated in tumor tissue,
activation of the dectin-1-mediated signaling pathway may promote
tumor progression.

Antitumor drugs administered by injection containing β-glucan as an
active compound, such as Lentinan and schizophyllan, are soluble
β-glucan because there is a side effect that injection of particulate
insoluble β-glucan causes granuloma formation [83]. On the other hand,
granuloma formation by administration of soluble β-glucan is barely
observed, and a few are observed only when soluble β-glucan was
administered at quite high concentrations. It has been reported that
schizophyllan, a soluble β-glucan, has an antitumor effect on an exper-
imental tumor in mice and that this antitumor effect is inhibited by
anti-dectin-1 antibodies which inhibit the binding of schizophyllan to
dectin-1 [84]. Interestingly, these observations indicate that the dectin-1
binding of soluble β-glucan, which is thought to act as a dectin-1
antagonist in mice, is involved in its antitumor effect. About these ob-
servations, it would be necessary to consider the possibility that not all
soluble β-glucans act as dectin-1 antagonists in mice. However, it would
also be indispensable to consider the possibility that the function of
soluble β-glucan as a dectin-1 antagonist is involved in the antitumor
effect of β-glucans by inhibiting the dectin-1-mediated signaling
pathways.

As mentioned above, since dectin-1 is a receptor that recognizes N-
glycan structures specifically expressed in tumor cells, there is no doubt
that dectin-1 plays an important role in tumor immunity. On the other
hand, it is notable that the dectin-1-mediated signaling pathway can
work positively and negatively on tumor immunity. This may prove
important to understand the molecular mechanism to exert antitumor
effects of β-glucan.

4. Langerin

Langerin (also known as CD207) was discovered as a C-type lectin
receptor specifically expressed on Langerhans cells, a subset of dendritic
cells [85]. Langerhans cells are antigen-presenting dendritic cells that
reside in epithelia and possess Birbeck granules which are characteristic
rod- or tennis racket-shaped cytoplasmic organelles. Langerin is crucial
for Birbeck granules formation in Langerhans cells [85–87]. Subsequent
studies have revealed that Langerin-positive subsets of dendritic cells
other than Langerhans cells exist in various tissues [88,89]. Langerin
expressed in these dendritic cells, including Langerhans cells, is thought

Fig. 2. Dectin-1 cross-reacts with β-glucan and tumor-specific N-glycan.
NK cell: natural killer cell
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to play an important role in host defense against fungal infections in the
epithelium and the epidermis of mucosal tissues as a receptor for
β-glucan [90].

It has been reported the possibility that a decrease in Langerin-
positive dendritic cells in oral epithelium is related to the onset and
progression of oral squamous cell carcinoma [91]. In addition, it has
been reported that when apoptotic/necrotic cells of a mouse melanoma
cell line, B16-F1 cells are administered as a vaccine, resistance to the
tumor cells is acquired, and Langerin-positive cells are recruited to the
vaccination site [92]. These findings suggest the possibility that Lan-
gerin is involved in the recognition of tumor cells and the activation of
tumor immunity. Studies on the glycan binding specificity of Langerin
suggested that Langerin is involved in recognizing glycans expressed on
the surface of tumor cells [93,94]. This function of Langerin is similar in
recognizing the N-glycan structure of glycans expressed on tumor cells
by dectin-1, a β-glucan receptor belonging to C-type lectin in the same
family as Langerin. Therefore, like dectin-1, Langerin expressed on
dendritic cells may activate antitumor immunity after the stimulation
with β-glucan.

A notable function of Langerin is that a subpopulation of Langerin-
positive dendritic cells in the intestinal Peyer’s patches is involved in
β-glucan sampling [95,96]. It has been reported that Langerin expressed
in dendritic cells mediates efficient antigen presentation through MHC
(major histocompatibility complex) class I and class II molecules [97].
Therefore, Langerin may be involved in producing antibodies against
orally administered β-glucan. Interestingly, it has been reported that
human anti-β-(1,6)-glucan antibodies affinity-purified from human
serum using pustulan (linear and unbranched β-(1,6)-glucan derived
from Lasallia pustulata) column are cross-reacted with tumor-associated
carbohydrate antigens and able to bind to certain tumor-derived cell
lines [98]. This may suggest that oral administration of β-glucan with
β-(1,6)-linked branches exhibits antitumor activity by producing anti--
β-glucan antibodies via Langerin.

5. NKp30 (activating natural killer receptor p30)

NKp30 (activating natural killer receptor p30, also known as NCR3
[natural cytotoxicity triggering receptor 3] or CD337) is a β-glucan re-
ceptor and was reported to be an important molecule in natural killer
cells for the activation of cell killing against opportunistic fungi, such as
C. neoformans and C. albicans, through the recognition of β-glucan pre-
sent on the cell surface of these fungi [99]. NKp30 was identified as a

member of NCR (natural cytotoxicity receptor) family constitutively
expressed in natural killer cells and discovered following NKp46 (acti-
vating natural killer receptor p46, also known as NCR1 or CD335) and
NKp44 (activating natural killer receptor p44, also known as NCR2 or
CD336) [100]. NCRs are important activating receptors on natural killer
cells for recognizing tumor cells [101–103]. Natural killer cells recog-
nize the cells expressing ligands binding to these receptors, and losing or
reducing expression of MHC class I on the cell surface as tumor cells, and
exhibit the cell killing activity to these cells. In almost all mouse strains
including C57BL/6 and BALB/c widely used for research, NKp30 exists
as a pseudogene and is not expressed as a functional protein [104].

So far, B7-H6 (B7 homolog 6) [105], BAT3 (HLA-B-associated tran-
script 3, BAG6 [Bcl2-associated anthogene 6], also known as Scythe)
[106], and galectin-3 [107] have been identified as endogenous ligands
for Nkp30. B7-H6 is a B7 family molecules known to act as
co-stimulatory and co-inhibitory molecules for immune cells. B7 family
molecules are thought to be crucial for the control of immune response.
On a side note, PD-L1, widely known as a target molecule for immune
checkpoint inhibitors for tumor treatment, is also a B7 family molecule
known as B7-H1 (B7 homolog 1) [108,109]. B7-H6 is expressed in tumor
cells and is barely expressed in normal cells. It is thought that natural
killer cells exert cell-killing activity against tumor cells by recognizing
B7-H6 via NKp30. B7-H6 expressed on the surface of tumor cells can be
released as a soluble molecule by metalloproteases. Unlike
membrane-bound B7-H6, soluble B7-H6 is known to inhibit the activa-
tion of natural killer cells via NKp30 [110].

Another endogenous ligand for NKp30, BAT3 is a nuclear factor that
has been reported to interact with CBP (CREB-binding protein)/p300
(E1A binding protein p300) and be involved in the acetylation of the p53
tumor suppressor protein [111]. Therefore, BAT3 is not expressed on the
cell surface but is recognized by NKp30 after being released from the
cells. Interestingly, it has been reported that free soluble BAT3 sup-
presses NKp30-mediated activation of natural killer cells, while BAT3
exposed on the surface of exosome enhances the cell-killing activity of
natural killer cells via NKp30 [106,112]. This observation is thought to
suggest that crosslinking (aggregation) of NKp30 molecules is necessary
for the activation of NKp30, and at the same time that the presence of a
ligand on the target cell is not required for the activation of the
cell-killing activity of natural killer cells via NKp30. Exosomes are very
small, a type of extracellular vesicle secreted from cells with a diameter
of 50–150 nm. Exosomes contain cell-derived components such as
nucleic acids, proteins, lipids, amino acids, and metabolic products on

Fig. 3. β-glucan modulates activating /inhibitory signals of natural killer cells.
NK cell: natural killer cell
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their surface and inside. Exosomes play an important role in cell-to-cell
communication [113,114]. The activation of p53 through the acetyla-
tion via BAT3 and CBP/p300 has been reported to be involved in exo-
some secretion by stress response [115]. Therefore, BAT3 is thought to
be involved in suppressing tumor development through both the
stress-induced secretion of exosome exposing BAT3 and the activation of
tumor-killing activity of natural killer cells via BAT3/NKp30 mediated
signaling.

Galectin-3 is a member of the galectin family responsible for recog-
nizing β-galactoside containing glycans and is known to be overex-
pressed in a variety of tumor cells [116,117]. Galectin-3 is mainly
present in the cytoplasm, but it also translocates into the nucleus, lo-
calizes on the cell surface, and is released into the serum after secretion
into the extracellular matrix. It has been reported that Galectin-3
released from cells works as a ligand for NKp30 and suppresses the
NKp30-mediated activation of the cell-killing activity of natural killer
cells [107]. These NKp30 activating/inhibitory ligands, B7-H6, BAT3,
and galectin-3 are thought to control the activation of natural killer cells
via NKp30 and play an important role in maintaining homeostasis in the
body. Hence, the disruption of this NKp30 activation/inhibition balance
may be involved in tumor development.

It has been reported that soluble β-glucan does not inhibit natural
killer cell-mediated cytotoxicity against C. neoformans and C. albicans
through the recognition of β-glucan present on these fungal cell surface
via NKp30, but rather enhances the cell-killing activity against these
fungi [99]. This suggests that β-glucan can activate the cell-killing ac-
tivity of natural killer cells through cross-linking (aggregation) of
NKp30, similar to BAT3 exposed on the surface of exosomes. It is
considered that whether natural killer cells exert the cell-killing ability
against target cells is determined by the balance between inhibitory
signals such as MHC class I and activating signals from NCRs including
NKp30 [118–120]. β-glucan is thought to be able to modulate the acti-
vating/inhibitory signal balance to the activating through the activation
of the NKp30-mediated signaling pathway, and this effect may be
involved in the part of the molecular mechanism to exhibit the anti-
tumor activity of β-glucan.

NKp30 has been reported to be expressed not only in natural killer
cells but also in some subpopulations of T cells. It has been reported that
NKp30 can induce in human peripheral blood Vδ1+ T cells after stim-
ulation with γc cytokines such as IL-15 in combination with TCR (T-cell
receptor) agonists [121]. In addition, there has been reported to be a
subpopulation of CD8+ T cells in human peripheral blood which ex-
presses NKp30 distinct from Vδ1+ T cells and is induced by IL-15 stim-
ulation [122]. Notably, these T cell subpopulations can exert strong
antitumor activity in an NKp30-dependent manner. Further studies to
investigate the effect of β-glucan on these T cell subpopulations via
NKp30 are awaited.

6. Scavenger receptors

Scavenger receptors were originally proposed based on the discovery
of molecules expressed on the cell surface of macrophages that do not
bind to native low-density lipoprotein (LDL), but recognize modified
LDL such as oxidized LDL, and remove modified LDL by phagocytosis
and subsequent degradation acting like a "scavenger" (means a street
cleaner) [123]. It has now been revealed that scavenger receptors
function as pattern recognition receptors that recognize a wide range of
ligands, including not only modified LDL but also apoptotic cells, aging
products such as AGEs (advanced glycation endproducts), and patho-
gens. Thus, scavenger receptors are assumed to play an important role in
maintaining homeostasis in the body [124,125]. On a side note,
dectin-1, a widely known receptor for β-glucan, is also classified as one
of the scavenger receptors belonging to class E member 2 (termed
SCARE2).

Among the molecules belonging to the scavenger receptor super-
family, SCARF1 (scavenger receptor class F member 1, also known as

SREC-I [scavenger receptor expressed by endothelial cell-I]) and CD36
(cluster of differentiation 36, also known as SCARB3 [scavenger recep-
tor class B member 3]) have been reported to recognize C. neoformans
and C. albicans in a β-glucan-dependent manner, and play an important
role in host defense against these opportunistic fungal infections [126].
Originally, SCARF1 has been identified as a molecule expressed in
endothelial cells belonging to the scavenger receptor superfamily and
was cloned fromHUVEC (human umbilical vein endothelial cells) [127].
SCARF1 expression has been reported to be decreased in correlation
with the progression and prognosis of hepatocellular carcinoma [128]. It
has been suggested that SCARF1 expressed in endothelial cells of he-
patocellular carcinoma is involved in the activation of antitumor im-
munity by promoting infiltration of effector T cells. SCARF1 is the
human orthologue of CED-1 in Caenorhabditis elegans, with 24% ho-
mology [129]. CED-1 in C. elegans plays an important role in removing
apoptotic cells. Similar to CED-1, its orthologue in humans, SCARF1 is
also an important receptor for the phagocytosis of apoptotic cells, and it
has been reported that SCARF1 recognizes apoptotic cells through
binding to the complement component, C1q [130]. C1q is known to be
involved in the complement cascade initiation via the classical pathway
through the recognition of antibodies bound to antigens. In addition, it
has been reported that C1q is also functional for recognizing apoptotic
cells through the binding to nucleoli, and is important for the degra-
dation of nucleolar antigens [131]. Nuclear antigens are one of the
autoantigens found in the sera of patients with SLE (systemic lupus er-
ythematosus), an autoimmune disease. The C1q deficiency is known to
cause SLE in both humans and mice [132], and similar to this, mice
lacking SCARF1 have been reported to spontaneously develop SLE-like
autoimmune disease due to a failure to remove autoantigens derived
from apoptotic cells [130].

Like SCARF1, CD36 has been reported to play an important role in
removing apoptotic cells through the recognition of oxidized phospha-
tidylserine exposed on the cell membrane of apoptotic cells [133].
However, unlike SCARF1, little is known about the involvement of CD36
in the development of autoimmune diseases. The studies on the
involvement of CD36 in diseases seem to be focused on the function of
CD36 as a scavenger receptor in macrophages, that is, the recognition
and the uptake of modified LDL [134,135]. ApoE (apolipoprotein E)
deficient mice spontaneously develop atherosclerosis [136]. On the
other hand, it was reported that ApoE and CD36 double knockout mice,
which were established by cross ApoE deficient mice and CD36 deficient
mice, showed suppression of atherosclerotic lesions compared to the
parental ApoE deficient mice [137]. Macrophages isolated from ApoE
and CD36 double knockout mice showed impaired uptake of modified
LDL and suppression of foam cell transformation of macrophages which
causes atherosclerotic lesions. Therefore, CD36 is recognized as an
important factor involved in the development of atherosclerosis. This
function of CD36 is also thought to play an important role in tumor
immunity. It has been reported that CD36-mediated uptake of oxidized
LDL leads to tumor progression by inducing ferroptosis (iron-dependent
non-apoptotic cell death) or reducing cytokine production in
tumor-infiltrating CD8+ T cells [138,139].

CD36 is also known as FAT (fatty acid translocase) and is involved in
recognizing long-chain fatty acids and subsequent uptake [140]. Hence,
CD36 is thought to be important in regulating fatty acid metabolism
[141]. Lipid metabolism is also involved in the function of CD36 in tu-
mors, and it has been reported that CD36-mediated lipid uptake pro-
motes M2 polarization of macrophages, resulting in suppression of
antitumor immunity through promoting the production of
anti-inflammatory factors and the infiltration of regulatory T cells [142,
143]. In addition, CD36-mediated metabolic control is involved in the
survival of regulatory T cells, which promote tumor progression through
immunosuppression [144].

Furthermore, CD36 is also functional as a receptor for
thrombospondin-1 and thrombospondin-2, known to be endogenous
inhibitors of angiogenesis [145,146]. Although thrombospondin does
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not necessarily act in a tumor-suppressing manner [147,148], angio-
genesis is assumed to be essential for tumor growth and hypertrophy,
and thrombospondin has been reported to exhibit antitumor effects in
many tumors through the inhibition of angiogenesis [149,150]. There-
fore, in that the transducing thrombospondin-mediated inhibitory
signaling against angiogenesis, CD36 is considered to act in an antitu-
moral manner [151]. Thus, CD36 is a molecule that can act both pro-
gressively and suppressively in tumors. Nevertheless, although there are
some exceptions [152], a correlation between CD36 expression and
prognosis has been reported in many cancers [153–156], and in prin-
ciple, CD36 can be assumed to be an important molecule promoting
tumor progression.

CD5 is a scavenger receptor that has long been used as a pan T cell
marker. It has been shown that the CD5 extracellular domain binds to
zymosan, C. neoformans, and C. albicans in a β-glucan-dependent
manner, suggesting that CD5 can act as a β-glucan receptor [157]. CD5 is
expressed on T cells and B-1a cells, a subpopulation of B cells, and is
highly expressed on regulatory T cells and regulatory B cells [158]. CD5
expression has also been observed in some DLBL (diffuse large B-cell
lymphomas), and CD5 expression has been reported to be associated
with a worse prognosis in DLBL patients [159].

Since the immune activation in response to antigens mediated by
TCR and BCR (B-cell receptor) is enhanced in CD5 deficient mice, CD5 is
thought to negatively regulate TCR and BCR-mediated signaling
[160–162]. Therefore, CD5-mediated signaling is considered to act on
antitumor immunity inhibitory. The analysis results of
tumor-infiltrating T cells from lung cancer patients have shown that the
expression level of CD5 is inversely proportional to the cytolytic effect of
T cells against tumor cells [163]. Further, it has been shown that
blocking the function of CD5 using a specific monoclonal antibody en-
hances antitumor immunity [164,165]. On the other hand, it has been
reported that CD5 protects tumor-specific T cells from
activation-induced cell death (AICD) [166,167], and CD5 expression on
tumor cells has been shown to correlate with prognosis in DLBL [168,
169]. Thus, in addition to immune suppression, it is thought that
CD5-mediated signals are involved in cell survival.

The expression of CD5 is not restricted in immune cells related to
acquired immunity. Interestingly, the expression of CD5 has been found
in a subtype of dendritic cells, a member of innate immune cells [170]. It
has been demonstrated that the expression of CD5 on the surface of
dendritic cells correlates with the activation of CD4+ and CD8+ T cells
and that mice lacking CD5 are impaired the efficacy of an anti-PD-1
antibody, an immune checkpoint inhibitor [171]. On the other hand,
the expression of CD5 on dendritic cells has also been reported to show a
suppressive effect on tumor immunity [172]. The background why these
controversial results were obtained may be related to the suppressive
effect of CD5 on TCR- and BCR-mediated signaling is not always a
ligand-dependent manner [173], and that CD5 can work as an endoge-
nous ligand for CD5 [174]. Nevertheless, overall, appropriate CD5
signaling would appear to be important for maintaining homeostasis of
the body and the immune system.

Although these scavenger receptors have been reported to work as
pattern recognition receptors for the recognition of β-glucan present on
the cell surface of fungi, little is known about the effect of β-glucan on
tumor immunity via these receptors. The studies on the β-glucan effects
on these scavenger receptors are awaited.

7. EphA2 (Ephrin type-A receptor 2)

The interaction between ephrins and ephrin receptors plays an
important role in the development, regeneration, and maintenance of
homeostasis of various organs [175]. EphA2 (ephrin type-A receptor 2),
one of the nine molecules of ephrin type-A receptors (EphA1–8,
EphA10) in humans, has been reported to act as a pattern recognition
receptor that recognizes β-glucan expressed on the surface of fungal
cells, in oral epithelial cells [176]. EphA2 can recognize β-glucan

exposed on the cell surface of various fungi such as C. albicans, S. cer-
evisiae, A. fumigatus, and Rhizopus delemar. EphA2-deficient mice show
more severe symptoms of oropharyngeal candidiasis caused by
C. albicans infection, suggesting that EphA2 is crucial for oral immunity
against fungal infections. EphA2 expression is also found in neutrophils
in the oral mucosa, and EphA2 expressed on neutrophils has been sub-
sequently shown to play an important role in the host defense against
oropharyngeal candidiasis along with EphA2 expressed on oral epithe-
lial cells [177]. Further, EphA2 expressed on lung epithelial cells has
been suggested to be involved in the adhesion of the genus Pneumocystis,
which causes Pneumocystis pneumonia, to alveolar epithelial cells and
the induction of inflammation [178].

EphA2 is expressed in epithelial cells, especially in proliferating
epithelial cells. EphA2 is a receptor tyrosine kinase which has a tyrosine
kinase domain in the cytoplasm responsible for tyrosine kinase activity
[179]. Elevated expression level of EphA2 is found in many solid tumors.
Interestingly, the effect of EphA2 on tumor progression is exhibited in
the absence of a ligand, while EphA2 suppresses tumor progression in
the presence of its ligand ephrinA1 [179,180]. These bidirectional ef-
fects of EphA2 on tumor progression would be involved in that the
tyrosine kinase activity of EphA2 is not affected in the presence or
absence of ligands, resulting in EphA2 transducing different signals
between the absence and presence of ligands. Decreased expression of
ephrinA1 has been observed in many tumors. In addition, EphA2 is
known to be degraded after internalization by endocytosis in the pres-
ence of ephrinA1, resulting in the decrease of EphA2 expression level
and the suppression of tumor cell growth [179,180]. Therefore, EphA2
overexpressed on many solid tumor cells is thought to act for the tumor
progression in the absence of ligands.

Several researches have shown that β-glucan can directly induce
apoptosis in cultured cell lines derived from solid tumors without acti-
vating immune cells [181–183]. On the other hand, it has been reported
that silencing of the EphA2 gene using siRNA (small interfering RNA)
induces apoptosis in MSTO-211H cells derived from human biphasic
mesothelioma [184] and MGC803 cells derived from human gastric
cancer [185]. It has also been reported that stimulation with ephrinA1,
an EphA2 ligand, induces EphA2-mediated apoptosis in MDA-MB-231
cells derived from human breast cancer [186]. These findings indicate
that suppression of EphA2 expression and stimulation with an EphA2
ligand can induce apoptosis in tumor cells directly. Further, these
findings suggest that the effect of β-glucan as an EphA2 ligand may be
involved in the direct induction of apoptosis in cancer cells by β-glucan.
The stimulation with β-glucan has been reported to enhance the sensi-
tivity of A549 cells derived from human lung cancer cells to the anti-
tumor drug etoposide through the EphA2-mediated signaling [187].

Fig. 4. EphA2 transmits different signals in the presence/absence of
the ligands.
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The extracellular ligand-binding domain of EphA2 is known to be
proteolytically cleaved by MT1-MMP (membrane-anchored membrane
type-1 matrix metalloproteinase), whose expression is upregulated in
some cancers [188]. Therefore, it should be noted that the antitumor
effect of β-glucan via EphA2 would be restricted to the tumor expressing
intact EphA2. Nevertheless, to think about the molecular mechanism of
the direct β-glucan effect on solid tumors, especially in epithelial cancer
cells, to consider the involvement of EphA2 would be required.

8. CLEC2D (C-type lectin domain family 2 member D)

CLEC2D (C-type lectin domain family 2 member D, also known as
LLT1 [lectin-like transcript 1]) has been cloned as a gene encoding a
lectin-like molecule localized in the natural killer gene complex on
human chromosome 12, where natural killer receptors belonging to the
C-type lectin superfamily are concentrated [189]. It has been reported
that CLEC2D forms homodimers and heterodimers with TLR2 and binds
to C. albicans and a linear β-glucan, curdlan [190]. Therefore, CLEC2D is
considered one of the C-type lectin receptors recognizing β-glucan. The
expression of CLEC2D on the surface of immune cells is found in natural
killer cells, T cells, B cells, macrophages, and dendritic cells, and
induced on these immune cells by the activating stimulation [191–193].
It has been reported that the binding of β-glucan to the CLEC2D
homodimer and heterodimer with TLR2 inhibits the activation of IRF5
through the ubiquitination of MyD88 and its degradation by the pro-
teasome [190]. Dectin-1, a well-known pattern recognition receptor for
β-glucan, has been reported to activate IRF5 in response to β-glucan
[73]. Therefore, CLEC2D can be considered a receptor transducing a
counter signal to the dectin-1-mediated signaling pathway.

Other than immune cells, CLEC2D is highly expressed in immune-
privileged organs such as the brain, placenta, and testis [194]. It is
known that CLEC2D also acts as a ligand for CD161 (also known as
CLEC5B [C-type lectin domain family 5 member B], or NKR-P1A [NK
cell receptor protein 1A]), which belongs to the same C-type lectin re-
ceptor as CLEC2D [193,195]. CD161 is expressed on the surface of a
subset of human NK cells and T cells. CD161 is considered an inhibitory
receptor that negatively regulates the cell-killing activity of these im-
mune cells. The findings that CLEC2D is highly expressed in
immune-privileged tissues may indicate the importance of CLEC2D in
suppressing the activation of cytotoxic immune cells via CD161.

The CLEC2D-CD161 interaction-mediated signaling pathway is also
thought to be utilized by tumor cells to escape attack from the immune
system. Increased expression of CLEC2D has been observed in various
tumors, including glioblastoma [196], germinal center-derived B-cell
non-Hodgkin’s lymphomas [197], prostate cancer [198], colorectal
cancer [199], and triple-negative breast cancer [200]. It has been re-
ported that inhibition of CLEC2D binding to CD161 using anti-CLEC2D
antibodies or siRNA restores the killing ability of natural killer cells
against these tumor cells [196–200], suggesting that blocking the
CLEC2D binding to CD161 may be important in tumor therapy. The
functional homolog of the CLEC2D in mice and rats has not been spec-
ified yet [193]. Therefore it is difficult to evaluate the influence of
CLEC2D and CD161 interaction on tumor treatment with β-glucan in
vivo. Nevertheless, disruption of CLEC2D and CD161 interaction may
strengthen the antitumor effects of β-glucan.

9. Ficolin-2

Ficolin-2 (also known as L-ficolin), a molecule crucial for activating
the complement system via the lectin pathway, has been reported to
function as a pattern recognition receptor recognizing β-glucan [201].
Since a similar mechanism to the lectin pathway exists in the inverte-
brate sea squirt (Ciona intestinalis), the lectin pathway of the comple-
ment system is considered to be an important immune mechanism in
innate immunity that has been conserved throughout evolution [202].
Therefore, it would be natural that a molecule for the recognition of

β-glucan, a major component of the fungal cell wall, exists in the lectin
pathway as a host defense mechanism against fungal infections.

Ficolin-2 is highly expressed in the liver [203], and ficolin-2 syn-
thesized in the liver is assumed to be secreted as a soluble molecule and
circulates throughout the body via the bloodstream. It has been reported
that ficolin-2 and ficolin-3 (also known as H-ficolin) are involved in the
recognition of apoptotic cells and the activation of the complement
cascade, and are important for maintaining homeostasis of the body
through the removal of apoptotic cells [204]. Ficolin-2 recognizes
apoptotic cells by binding to DNA in a calcium-dependent manner. Thus
ficolin-2 can recognize late apoptotic cells, apoptotic bodies, and
necrotic cells, but not early apoptotic cells [205]. In addition, it has been
reported that ficolin-2 binds to the envelope proteins E1 and E2 of the
hepatitis C virus [206] and gp120 of the human immunodeficiency virus
[207], and inhibits the entry of these viruses into cells.

It has been reported that the expression of the ficolin-2 gene is
downregulated in liver cancer compared to normal tissues [208] and the
level of ficolin-2 in liver tissue and serum is accordingly decreased
[209]. In addition, it has been reported that the median level of ficolin-2
in the serum of multiple myeloma patients is reduced [210]. These
findings suggest that ficolin-2 may have an antitumor effect. Although
little is known about the function of ficolin-2 in antitumor immunity, it
has been shown that forced expression of human ficolin-2 gene or mouse
ficolin-A gene encoding human ficolin-2-like molecule in mice by
intramuscular electroporation significantly inhibits the proliferation of
transplanted CT26 cells, a colon tumor cell line [211]. It has been sug-
gested that this antitumor effect may be involved in ficolin-2 recognizing
and binding to N-acetylglucosamine expressed on the surface of tumor
cells. Thus, it is not likely that β-glucan binding to ficolin-2 can
contribute a positive effect on this antitumor effect of ficolin-2. Ficolin-2
binding to tumor cells through the recognition of N-acetylglucosamine
increases the opsonization of tumor cells with complement component
C3b through the activation of the lectin-pathway, and subsequently
opsonized C3b degrades into iC3b. Therefore, β-glucan may indirectly
support this antitumor effect of ficolin-2 via CR3 (see CR3 section of this
review). In addition, the expression of ficolin-2 is increased by viral
infections [207,209] and fungal infections [212]. Thus, it is possible that
β-glucan can induce the expression of ficolin-2. It is expected that the
effect of β-glucan on the function and the expression of ficolin-2 will be
elucidated in the future.

10. TLRs (toll-like receptors)

TLR4 (toll-like receptor 4) is a receptor that recognizes LPS (lipo-
polysaccharide), a type of glycolipid present in the cell walls of gram-
negative bacteria such as Escherichia coli [213–216]. LPS, also known
as endotoxin, is a potent mediator of inflammation, and TLR4 is widely
recognized as a receptor that plays a pivotal role in the inflammatory
response induced by LPS. Interestingly, it has been suggested that TLR4
may act as a receptor recognizing β-glucan [217–219]. However, there is
no evidence for the direct bind of β-glucan to TLR4. Thereby, TLR4 has
not yet been broadly accepted as a pattern recognition receptor for the
recognition of β-glucan.

On the other hand, there are β-glucan recognizing receptors that
have been reported to interact with TLR4. For instance, it has been re-
ported that SCARF1 (see scavenger receptors section in this review) is
co-immunoprecipitated with TLR4 after stimulation with LPS. The
SCARF1 binding to TLR4 enhances the signaling pathway mediated by
TLR4 [220]. In addition, it has been shown that CD36 is
co-immunoprecipitated with the heterodimer of TLR4 and TLR6 after
stimulation with CD36 ligands, oxidized LDL, and β-amyloid. The
CD36-TLR4-TLR6 complex formation is involved in activating inflam-
matory signaling [221]. Furthermore, it has been reported that ficolin-2
can be associated with TLR4 [211]. The ficolin-2 binding to TLR4 acti-
vates tumor immunity by activating macrophages and CD8+ T cells,
although this function of ficolin-2 appears to be ligand-independent. It is
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unclear how these β-glucan receptors affect TLR4 functions in the
presence of β-glucan. Nevertheless, β-glucan may play a role in regu-
lating the signaling pathway mediated by TLR4.

Including TLR4, 10 receptors in humans and 12 receptors in mice
have been identified as members of the TLR family. These TLR family
receptors recognize a specific pattern of molecules derived from viruses,
bacteria, mycobacteria, fungi, and parasites, and play an important role
in activating innate immunity and inducing adaptive immunity [222,
223]. Since many β-glucan receptors are involved in activating innate
immunity similar to TLRs, it is thought to be natural that β-glucan re-
ceptors directly or indirectly affect the signaling pathway mediated by
TLRs. Actually, in addition to the previously mentioned SCARF1, CD36,
and ficolin-2, some β-glucan receptors have been suggested to be

functional in regulating the TLR-mediated signaling pathway.
Zymosan, polysaccharides derived from S. cerevisiae containing

β-glucan as a major compound, is not always known to activate a
β-glucan receptor dectin-1 mediated signaling, but also the TLR2
mediated signaling pathway. It has been reported that the activation of
the TLR2-mediated signaling pathway is required for inducing TNF-α
production in macrophages after stimulation with zymosan [224–226].
Because highly purified β-glucan from zymosan is not able to activate
TLR2 mediated signaling pathway, a component other than β-glucan
contained in zymosan is believed to be involved in the activation of
TLR2-mediated signaling after stimulation with zymosan [227]. This
suggests that the dectin-1-mediated signaling pathway cooperates with
the TLR2-mediated signaling pathway to produce cytokines such as

Fig. 5. β-glucan receptors modulate TLR-mediated signaling pathways.
(A) Interaction of β-glucan receptors and TLR4. (B) Role of β-glucan receptors- and TLR2-mediated signaling pathways on zymosan recognition. (C) Involvement of
syk on the signaling pathways mediated by β-glucan receptors and TLRs. CARD9: caspase recruitment domain family member 9, IRAK4: interleukin 1 receptor-
associated kinase-4, MD-2: myeloid differentiation factor 2, SFK: Src family kinase.
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TNF-α and activate the immune system. Dimerization is required for the
activation of the TLR2-mediated signal transduction pathway, and it has
been reported that forming a homodimer of TLR2 is not sufficient to
transduce the activation signal for the production of TNF-α in macro-
phages, and this activation is required to form a heterodimer with TLR1
or TLR6 [228]. Thus, in addition to TLR2, also TLR1 or TLR6 is thought
to be indirectly involved in the induction of TNF-α after stimulation with
zymosan. On the other hand, as mentioned in the CLEL2D section, it has
been shown that a β-glucan receptor, CLEC2D can form a heterodimer
with TLR2 and is involved in the degradation of MyD88, which is known
to be an adaptor molecule downstream of TLR mediated signaling, via
the ubiquitin-proteasome pathway [190]. Therefore, it should be noted
that TLR2 is difficult to consider to be completely not involved in
β-glucan stimulated signaling.

Syk (spleen tyrosine kinase) is involved in the cooperation between
dectin-1 and TLR2 signaling pathways [227]. Dectin-1 contains an ITAM
(immunoreceptor tyrosine-based activation motif)-like motif in its
intracellular domain. Syk is recruited to the ITAM-like motif of dectin-1
after phosphorylation of the juxtamembrane tyrosine in the ITAM-like
motif and acts to activate downstream signaling pathways mediated
by dectin-1 [229]. In addition to the TLR2-mediated signaling pathway,
dectin-1-induced activation of Syk also affects signaling pathways
mediated by TLR4, TLR5, TLR7, and TLR9. The activation of Syk
mediated by dectin-1 signaling induces cytokines such as TNF-α coop-
eratively with these TLRs [226,227].

Syk is also activated downstream of another major β-glucan receptor
CR3, and is involved in enhancing phagocytosis of iC3b opsonized tumor
cells by neutrophils via β-glucan [230]. In addition, although its
response to β-glucan is unknown, NKp30 is also involved in the activa-
tion of Syk. NKp30 binds to CD3ζ homodimers or CD3ζ/FcRγ hetero-
dimers that contain ITAM domains in a ligand-dependent manner,
subsequently recruiting and activating Syk. This NKp30-mediated Syk
activation in natural killer cells activates NF-κB and cell-killing activity
[231,232]. Furthermore, Syk activation has been reported to be
involved in the uptake of oxidized LDL and fatty acids via CD36 [233,
234], and CD5 has been shown to inhibit the activation of Syk after
cross-linking of T cell receptors or B cell receptors [235].

It should be noted that Syk does not always act to transduce the
signals for immune activation. CR3 is composed of a heterodimer of
CD11b and CD18, and it has been reported that mice lacking CD11b,
which contains the β-glucan binding domain, show increased suscepti-
bility to LPS-induced sepsis due to enhanced TLR-mediated signaling
[236]. This report also showed that activation of TLR4 causes CR3
activation, and the activation of Syk via CR3 negatively regulates
TLR-mediated signaling pathways by inducing phosphorylation and
proteasomal degradation of MyD88 and TRIF. A similar phenomenon
has been observed with leukadherin-1 (see CR3 section in this review), a
small molecule agonist that partially activates CR3 like β-glucan. It has
been shown that stimulation with leukadherin-1 promotes the
proteosome-mediated degradation of MyD88 and suppresses the
signaling pathways mediated by TLR7 and TLR8 [237]. This suggests
that the stimulation with β-glucan may also exhibit a similar effect
through the partial activation of CR3 mediated signaling pathway.

These opposing effects of Syk on the TLR-mediated signaling
pathway are thought to be due to differences in cells and activation
forms. However, detailed molecular mechanism has not been clarified
and further investigations are awaited.

11. Lactosylceramide

Lactosylceramide is known as a molecule recognizing β-glucan [238,
239]. Unlike other molecules reported as β-glucan receptors, lacto-
sylceramide is not a gene-encoded protein, but a type of

glycosphingolipid consisting of a sugar chain and ceramide. Glyco-
sphingolipids are known to be a component of lipid rafts, and lacto-
sylceramide is one of the many types of glycosphingolipids. Lipid rafts
are thought to be structures like a "raft" that float on the cell membrane.
Lipid rafts are defined as plasma membrane subdomains that are rich in
glycosphingolipids and cholesterol, and containing intracellular
signaling molecules anchored to the cell membrane via GPI (glyco-
sylphosphatidylinositol)-anchored proteins and lipids [240–242]. The
functional role of sphingoglycolipids in lipid rafts is to transduce the
signals into cells via lipid raft domains by directly binding to ligands in
trans, as well as to support the transduction of signals into cells when
ligands bind to receptor proteins associated with lipid rafts.

It has been reported that lactosylceramide-rich lipid rafts on neu-
trophils are essential for phagocytosis of non-opsonized zymosan via
CR3 [243]. In dendritic cells, dectin-1 binding to β-glucan is transported
into lipid rafts [244], and the activation of dendritic cells after stimu-
lation with β-glucan derived from the fungus Pneumocystis has been
reported to require the accumulation of lactosylceramide in lipid rafts
together with dectin-1 [245]. Further, lactosylceramide itself is involved
in signal transduction, and the analyses using specific antibodies against
lactosylceramide showed that lactosylceramide interacts with Lyn, a
member of the Src family of kinases, in neutrophils and contributes to
the production of superoxide [246]. It has been reported that stimula-
tion with β-glucan can induce superoxide production in neutrophils in a
lactosylceramide-dependent manner [247]. Based on these findings,
lactosylceramide localized in lipid rafts is considered to play a role in
supporting signal transduction via β-glucan and its receptors including
CR3 and dectin-1. At the same time, lactosylceramide itself is thought to
be also involved in the signal transduction to activate innate immunity
through the binding to β-glucan.

Lactosylceramide is known to also act as a second messenger. It has
been reported that lactosylceramide synthesis is induced after stimula-
tion with TNF-α in HUVECs (human umbilical vein endothelial cells) and
that the synthesized lactosylceramide acts to induce the expression of
ICAM-1 (intercellular adhesion molecule-1) through the production of
superoxide [248]. In addition, stimulation with VEGF (vascular endo-
thelial growth factor) has been reported to induce lactosylceramide
synthesis in HUVECs, and the synthesized lactosylceramide has been
shown to promote angiogenesis through the induction of PECAM-1
(platelet endothelial cell adhesion molecule-1) [249]. Further, it has
been revealed that lactosylceramide synthesis is also enhanced in as-
trocytes after stimulation with TNF-α and that the synthesized lacto-
sylceramide promotes the proliferation of astrocytes through the
induction of GFAP (glial fibrillary acidic protein) [250]. The important
point here is that these phenomena are not only caused by intracellularly
synthesized lactosylceramide but also by extracellular stimulation of
lactosylceramide. Lactosylceramide is also present in serum, and serum
lactosylceramide levels have been reported to increase in patients with
pediatric inflammatory bowel disease [251], West Nile virus infection
[252], and adenovirus infection [253]. In addition, it is interesting to
note that a correlation has been found between serum lactosylceramide
levels and baPWV (brachial-ankle pulse wave velocity) which is known
to correlate with the progression of arteriosclerosis [254]. Considering
these findings together with the effects of the stimulation with TNF-α for
the induction of lactosylceramide synthesis in HUVECs and astrocytes as
mentioned above [248,250], it is possible that under inflammatory
conditions, lactosylceramide synthesis is promoted and consequently
increases lactosylceramide levels in the serum. Further, the finding that
lactosylceramide promotes angiogenesis [249] is noteworthy in light of
the significance of angiogenesis in tumor tissues on tumor development.
In the future, it is expected that studies will be conducted to assess the
effect of β-glucan on circulated lactosylceramide in the serum.
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12. Future issues and conclusion

As described in previous sections, the progress of research on anti-
fungal immunity has revealed that many molecules act as receptors for
recognizing β-glucan. This may indicate the significance of host defense

against fungal infections exposing β-glucan as a component of the cell
walls and the requirement of multiple backup mechanisms to maintain
antifungal immunity. On the other hand, in the pharmaceuticals and
food science fields, few studies are focused on β-glucan receptors other
than CR3 and dectin-1. In particular, regarding the anti-cancer effects of

Fig. 6. Functions of lactosylceramide on immune response to β-glucan.
SFK: Src family kinase.

Fig. 7. The functions of β-glucan on tumor immunity through β-glucan receptors.
DC: dendritic cell; NK cell: natural killer cell
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β-glucan, although many of the β-glucan receptors discussed in this re-
view are involved in the development and progression of cancer, these
receptors do not receive enough attention. This review focused on the
receptors confirmed to recognize and bind to β-glucan. Although it is
unclear whether they bind to β-glucan, other than the receptors
mentioned in this review, there are receptors able to recognize fungi
expressing β-glucan as a component of the cell wall. For example, SR-AI/
AII (Scavenger Receptor A Type I/II, also known as MSR-A [type A
macrophage scavenger receptor] or CD204) in macrophages is involved
in the binding and phagocytosis of S. cerevisiae and C. albicans [255];
CL-11 (collectin-11, also known as CL-K1 [CDC Like Kinase 1]) has been
reported to be able to bind to zymosan, C. albicans, and Aspergillus
humigatus [256,257]; CL-P1 (collectin placenta 1, also known as
SCARA4 [class A scavenger receptor 4], SRCL [scavenger receptor with
C-type lectin] or COLEC12 [collectin subfamily member 12]) is involved
in the phagocytosis of zymosan by vascular endothelial cells [258].
Further, it would also be noteworthy that the release of IL-1β after
β-glucan stimulation in macrophages requires phagocytosis of β-glucan,
i.e., recognition of β-glucan in the cytoplasm, and that the NLRP3 (NOD
[nucleotide-binding oligomerization domain]-like receptor pyrin
domain-containing protein 1]) inflammasome has been reported to be
involved in this process [259]. Therefore, the number of β-glucan
recognizing molecules may increase in the future.

When considering methods to enhance the antitumor effects of
β-glucan, it would be significant to note that there are receptors among
the β-glucan receptors, such as CD5 and CLEC2D (see CD5 and CLEC2D
sections of this review), that can transmit immune suppressive signals.
These receptors are thought to play an important role in suppressing
excessive immune responses to maintain the body’s homeostasis.
However, at the same time, these receptors may weaken the anti-cancer
effects of β-glucan. Particularly, on CLEC2D which negatively regulates
the cytotoxic signals of natural killer cells and cytotoxic T cells via
CD161, the antitumor effects of β-glucan may be able to enhance by
blocking the interaction of CLEC2D to CD161 and β-glucan.

Among the molecules known as β-glucan receptors, there are

receptors such as dectin-1 [260], SCARF-1 [261], and CD36 [262] that
circulate in the body as soluble receptors. These soluble forms of
β-glucan receptors are generally inactive and act to inhibit β-glucan
binding to the receptors present on the cell surface. Lactosylceramide
present in serum is the same. Attenuating the influences of these soluble
β-glucan receptors would be an important factor in enhancing the effects
of β-glucan, including the antitumor effects.

It is also interesting to note that some β-glucan receptors, such as
dectin-1 [72], Langerin [94], and ficolin-2 [211], recognize
tumor-associated glycans. It would be crucial for the molecular mech-
anism to exert the antitumor effect of β-glucan that β-glucan is recog-
nized by receptors that recognize tumor-associated glycans, resulting in
the activation of the antitumor immunity. On the other hand, in ex-
periments using tumor-derived cell lines, it is necessary to be aware of
the possibility that the function of these β-glucan receptors is masked
depending on the glycan structure expressed on the cell surface.

The molecular mechanism in exerting the effects of β-glucan on the
body is considered to be extremely complex, as the effects are the result
of the combined molecular functions of various β-glucan receptors.
Except for the molecules widely known as β-glucan receptors such as
CR3 and dectin-1, most of the molecules reported as β-glucan receptors
have not been analyzed enough in terms of the three-dimensional
structure-based binding form with β-glucan or their binding specificity
for structurally different β-glucans. The antitumor effects of β-glucan
have been shown for a long time. Nevertheless, there are still many is-
sues that are required for further investigations to clarify the molecular
mechanism to exhibit the antitumor effects of β-glucan.
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Table 1
β-glucan receptors discussed in this review.

Expression Major function Confirmed binding β-glucans / fungal species

CR3 Phagocytic cells, natural killer cells, and specific subsets of B
and T cells [263]

Recognition of iC3b opsonized
molecules, and also functional as a cell
adhesion molecule

Various β-glucans / fungal species

Dectin-1 Leucocytes, barely expressed in natural killer cells [264] Major β-glucan receptor in activating
the phagocytosis of unopsonized
β-glucan particles in macrophages

Various β-glucans / fungal species
Do not transduce activation signals by the stimulation with
soluble β-glucan (human dectin-1B and mouse dectin-1A/
B) [76]

Langerin Langerhans cells and specific subsets of dendritic cells [88,89] Birbeck granules formation in
Langerhans cells

Curdlan, laminarin and zymosan / Malassezia furfur,
Saccharomyces and Candida species but not with
Cryptococcus species [90]

NKp30 Natural killer cells, and specific subsets of T cells [121,122]
Do not express intact form in mice due to nonsense mutation
[104]

Activation of cell-killing activity of
cytotoxic lymphocytes

β-1,3-glucan but not bind to β-1,6-glucan (bind to curdlan
and Saccharomyces cerevisiae derived β-glucan, weakly
bind to laminarin, but not bind to pustulan)
/ Cryptococcus neoformans, Candida albicans [99]

SCARF1 Endothelial cells, dendritic cells, and macrophages [130] Phagocytosis of apoptotic cells Laminarin and zymosan
/ Cryptococcus neoformans, Candida albicans [126]

CD36 Phagocytes (macrophages, dendritic cells, microglia, and retinal
pigment epithelium), microvascular endothelium, erythroid
precursors, hepatocyes, adipocytes, myocytes, and specialized
epithelia of the breast, kidney, and gut [265]

The uptake of modified low-density
lipoprotein in macrophages
Involved in the uptake of fatty acids

Laminarin
/ Cryptococcus neoformans, Candida albicans [126]

CD5 T cells, B-1a cells, regulatory lymphocytes, and a subset of
dendritic cells [158]

Negative regulator for TCR- and BCR-
mediated signalings

Euglena gracilis, Saccharomyces cerevisiae, Hordeum vulgare
L. delived β-glucans / Schizosaccharomyces pombe, Candida
albicans, and Cryptococcus neoformans [157]

EphA2 Epithelial cells [176,178] and neutrophils [177] Involved in the development together
with the ligand, ephrin A1

Laminarin and zymosan / Candida albicans, Candida
glabrata and Saccharomyces cerevisiae [176]

CLEC2D Lymphocytes, macrophages, and dendritic cells [191]
Highly expressed in immune-privileged sites [194]
The functional homolog is not specified in mice and rats [191].

Inhibition of cell-killing activity of
cytotoxic lymphocytes as a ligand of
CD161

Curdlan / Candida albicans [190]

Ficolin-2 Circulating in the blood
Mainly synthesized in the liver [203]

Involved in the activation of the
complement system through the lectin
pathway

Curdlan [201]

A. Iwai Clinical Immunology Communications 7 (2025) 1–17 

12 



Declaration of competing interest

The authors declare the following financial or non-financial interests
which may be considered as potential conflicts of interest:

This study was funded by Aureo Co., Ltd., and Aureo-Science Co.,
Ltd. β-glucan-containing Aureobasidium pullulans-cultured fluid and its
derivatives are marketed by Aureo Co., Ltd. Aureo Co., Ltd., and Aureo-
Science Co., Ltd. hold patents for applications and process of β-glucan-
containing Aureobasidium pullulans-cultured fluid. I am an employee of
Aureo-Science Co., Ltd., and Aureo Co., Ltd. However, the funders did
not have any role in the decision to publish or prepare the manuscript.
There are no other patents, products in development, or marketed
products to declare.

Data availability

No data was used for the research described in the article.

References

[1] R. Garcia-Rubio, H.C. de Oliveira, J. Rivera, N. Trevijano-Contador, Front.
Microbiol 10 (2020) 1–13, https://doi.org/10.3389/fmicb.2019.02993.

[2] A.M.M. Basso, R.J.A. De Castro, T.B. De Castro, H.I. Guimarães, V.L.P. Polez, E.
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J. McKinnon, M. Hallek, A. Engert, Immunity 27 (2007) 965–974, https://doi.
org/10.1016/j.immuni.2007.10.010.

[107] W. Wang, H. Guo, J. Geng, X. Zheng, H. Wei, R. Sun, Z. Tian, J. Biol. Chem. 289
(2014) 33311–33319, https://doi.org/10.1074/jbc.M114.603464.

[108] L. Ni, C. Dong, Mol. Cancer Ther. 16 (2017) 1203–1211, https://doi.org/
10.1158/1535-7163.MCT-16-0761.

[109] B. Amir Taghavi, N. Alizadeh, H. Saeedi, N. Karim Ahangar, A. Derakhshani,
K. Hajiasgharzadeh, N. Silvestris, B. Baradaran, O. Brunetti, Molecules 27 (2022)
1–15, https://doi.org/10.3390/molecules27113545.

[110] E. Schlecker, N. Fiegler, A. Arnold, P. Altevogt, S. Rose-John, G. Moldenhauer,
A. Sucker, A. Paschen, E.P. Von Strandmann, S. Textor, A. Cerwenka, Cancer Res
74 (2014) 3429–3440, https://doi.org/10.1158/0008-5472.CAN-13-3017.

[111] T. Sasaki, E.C. Gan, A. Wakeham, S. Kornbluth, T.W. Mak, H. Okada, Genes Dev
21 (2007) 848–861, https://doi.org/10.1101/gad.1534107.

[112] K.S. Reiners, D. Topolar, A. Henke, V.R. Simhadri, J. Kessler, M. Sauer, M. Bessler,
H.P. Hansen, S. Tawadros, M. Herling, M. Krönke, M. Hallek, E.P. Von
Strandmann, Blood 121 (2013) 3658–3665, https://doi.org/10.1182/blood-
2013-01-476606.

[113] G. Van Niel, G. D’Angelo, G. Raposo, Nat. Rev. Mol. Cell Biol. 19 (2018) 213–228,
https://doi.org/10.1038/nrm.2017.125.

[114] R. Kalluri, V.S. LeBleu, Science (2020) 367, https://doi.org/10.1126/science.
aau6977.
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