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Non-cellulosic IJ-glucans are now recognized as potent immunological activators, and 
some are used clinically in China and Japan. These ~glucans consist of a backbone ofglu
cose residues linked by ~(1->3)-glycosidic bonds, often with attached srde-chain 'glucose 
residues joined by 1J-(1--> 6) linkages. The frequency ofbranching varies. The literature sug
gests lJ·glucijIlS are effective in treating diseases like cancer, a ran!i:e of microbial infec
tions, hypercholesterolaemia, and diabetes. Their mechanisms of action involve them 
being recognized as non-selfmolecules, so the immune system is stimulated by their pres
ence. Several receptors have been identified, whiclt include: dectin-t, located on macro 
phages, which mediates IJ-glucan activation of phagocytosis and production of cytokines, 
a response co-ordinated by the toll-like receptor-z. Activated complement receptors on 
natural killer cells, neutrophils, and lymphocytes, may also be associated with tumour cy

totoxicity. Two other receptors, scavenger and lactosykeramide, bind ~ ·glucans and medi
ate a series of signal pathways leading to immunological activation. Structurally different 
I}-glucans appear to have different affinities toward these receptors and thus generate 
markedly different host responses. However, the published data are not always easy to in
terpret as many of the earlier studies used crude ~-g1ucan preparations with, for the most 
part, unknown chemical structures. Careful choice of IJ-glucan products is essential if their 
benefits are to be optimized, and a better understanding of how ~glucansbind to receptors 
should enable more efficient use of their biological activities. 

@) 2007 The British MYcologicalSociety . Published by Elsevier Ltd. All rights reserved. 

Introduction 1992; Klis et al. 2001 ; McIntosh et al. 2005). but many are also 
excreted into the growth medium, making their recovery, 

Non-cellulosic Il-glucans are recognized as potent immuno purification and chemical characterization much simpler 
logical stimulators in humans and some are now used clini [Seviour et 01. 1992; Schmid et al. 2001). Their homeostasis is 
cally in China and Japan. These Jl·glucans appear to possess maintained by ll-g1ucan synthases and P-(l-+3) or p-(l-> 6)
potential for treating several diseases. About half the mass glucanase activities (Pitson et a1. 1996a, 1996b; Jayus et al , 

of the fungal cell wall consists of !l-glucans (seviour et al. 2004; Martin et al. 2006). Inhibition of ll-glucan synthases by 
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compounds like caspofungin, although expensive, has been 
successful in treating Aspergillus spp. and Candida spp. infec
tions in humans (Walsh et at. 2004). 

Non-cellulosic l3-glucans consist of a backbone of glucose 
residues usually joined by 13-{1 ....3) linkages, to which glu
cose side-chain residues are often attached, as shown in 
examples in Fig 1 (Schmid et al. 2001; Mclntosh et at. 2005). In 
some Il·glucans no side-chain substitution occurs, as with 
the bacterial /3-glucan, curdlan, which contains only 1l-{1
3)-glucosidic linkages (Mcintosh et a!. 2005). No unbranched 
1l-{l--+ 3) or 1l-(l--+6) fungal Il-glucans are known, although 
the extent of the side-chain substitutions can vary consider
ably (Schmid et 01. 2001). For example, many including 
schizophyllan (also named sizofizan) from SchizophyUum 
commune, and scleroglucan from Sclerotium glucanicum both 
have a 13-(l--+3)-linked backbone, with on average one II-
(l .....6)-glucose substitution every three backbone residues 
Qohnson et 01. 1963; Kikurnoto & Kimura 1971). Epiglucan 
from £picoccum nigrum also has a backbone of 13-(1-3)
linked glucose residues, hut now with two J}-(1-6) 
substitutions on average every three residues, while the 
1l-(1-3)·linked backbone of lentinan (also called SPG) from 
Lentinus edodes has two P-(1....6) side chains every five resi

dues (Sasaki & Takasuka 1976; Schmid et 01.2001). Pestalotan 
produced extracellularly by Pestalotia sp. 815 has a 1I-{1....3)· 
linked backbone, but with three ·/l-(1....6) side chains every 
five residues (Misaki et 01. 1984}. Many other fungal J}-glu
cans have heen described, but their detailed structures 
and branching frequencies are still mo~ unclear (SevioUI 
et al 1992)_ It appears that to be-~ve these glucans 
must contain 11-(1--+3) or 1l-{l--+fi) linkages, but little else is 
known about how frequencies of branching and other 
chemical and physical properties determine their effective
ness, as discussed later (Demleitner et a!. 1992). Examples 
of some non-cellulosic fungal fl-glucans of possible medical 
importance are listed in Table 1. 

Walls of pathogenic fungi also contain 1l·{1....3) or P-(1....6)
glucans (Taylor et 01. 2007; Saijo et 01. 2007). Although (for 
practical reasons) these are not applied clinically, they are 
probably important in eliciting anti-fungal host responses. 
However, which wall component is the stimulator/a is not 
always clear, and it is also not clear whether all fungi behave 
in the same mechanistic way. For example, A. fumigatus syn
thesizes a J}-(1....3)-glucan with 4 % 13-(1---> 6) branches and 
a linear !l-(1....3),(1....4)-glucan {Fontaine et al, 2000) and both 
stimulate immune responses in mice (Hohl et of. 2005). Yet 
the role of Candida albicans cell wall Il-glucans appears Uncer 
tain. 'Evidence suggest some competition with laminarin 
(Netea et 01. 2006), which, although a Il·glucan and able prefer
entially to bind to the cell receptors, fails to induce any subse
quent host immune responses. However, walls ofPneumocystis 
carinii f. sp. muris also contain a 1l·{1....3)·glucan, and digestion 
by a p.(1 ....3)-glucanase greatly reduces its immunostimula
tory effect (Vassallo et al. 2000). In the living organism, wall 
p-glucans are apparently shielded by mannan layers, but 
II--glucans become exposed after beat treatment, and induce 
stronger host immunoresponses (Gan tner et or. 2005), Further 
work with well-characterized l3-glucans from the walls of 
other pathogenic fungi is needed to clarify their roles, if any, 
in host defence mechanisms. 

Natural products containing fungal Il-glucans have been 
consumed for probably thousands of years, and anecdotally, 
especially in China and Japan (Mayell 2001; Lindequist et 01. 
2005),basidiocarps have long been considered to improve gen
eral health. 13-Glucans were only recently recognized as the 
effective ingredients (Lucas et 01. 1958) (Williams & Di Luzio 
1980). Subsequently, detailed investigations into their influ
ence on health have been reported, mainly using animal 
models (Vetvicka & Yvin 2004). Several fungal fl-glucans 
appear to be effective inununomodulators, and they appear 
to impact positively on cancers and several bacterial infec
tions (Brown & Gordon 2001; Vetvicka &. Yvin 2004).Although 
not yet medically prescribed in most countries, their adminis
tration Is now increasing. For example, in Iapan lentinan is ap
proved for clinical treatment of gastric and colorectal cancers, 
and encouraging survival rates have been reported (Nakano 
et of. 1999;Munemoto et 01. 2002). Some of their possible mech
anisms of action h ave also been elucidated (Brown & Gordon 
2001,2005). In this review, we discuss the potential of fungal 
!l-glucans in medicine, and the known mechanisms under
lying their biological effects. We suggest why structurally 
different l3-glucans may have different efficiencies of action, 
and bow they might be better applied clinically, safely and 
effectively. 

Effects of ji-glUc:Jll1$ on the immune system 

Some fungal P-glUClIDS markedly stimulating our immune 
system protect us from attack by pathogenic microbes and 
from harmful effects of environmerrtal toxins and carcino
gens (Vetvicka & Yvin 2004; Brown & Gordon 200S). /l-Glucans 
are not synthesized by humans, so these compounds are 
recognized by our immune systems as non-self molecules, 
inducing both innate and adaptive immune responses {Fig2) 
(Brown & Gordon 2005). 

Effects on the innate immune system 

Innate immunity is present when we are born, and is a rela
tively non-specific system, responding to many, but not all, 
structurally related antigens (Brown &. Gordon 2001; Munz 
et aL 2005). Certain IJ-glucans, including zymosan, grifolan 
(GRN) and lentinan (Table 1), appear to activate phagocytes, 
thus leading to elimination of pathogens by phagocytosis 
(Ladanyi et ul, 1993; Kurashige et aL 1997; Brown et ul. 2002). 
Amongthese, the macrophagespreferentially attack dead cells 
and intracellular pathogens (Munz et al. 2005). Natural killer 
cells (NKs)circulate in blood to lyse cancer and virus-infected 
cells, whereas neutrophils are effective against pyogenic bac
teria. Kres tin (PSK), the protein-bound polysaccharide K con
taining /l-(1....3)-glucans from Coriolous versicolor increases NK 
cytotoxic activity in uitro (Garcia-Lora et aL 2001; Garcia-Lora 
et 01. 2003), whereas lentinan also activates type 3complement 
receptors (CR3), which coat bacterial cells to facilitate their en
gulfment by phagocytes (Vetvkka et a.t 1996; Vetvicka & Yvin 
2004). In addition, zymosan {the cell wall particulate glucan 
from Saccharomyces cereeisiae), and MG [the microparticulate 
form of 1J-{1---> 3)-glucansfJom S.cereuisiae]both stim ula te mac
rophages to produce cytokines, local immunornodulators, and 
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Fig 1- Examples of structures of l}-(1--+ 3)(1..... fi) glUC8nS showing branching patterns of their repeating units. 
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Table- 1 .- Exam ples of fungal ~ ;M5 1 \J cans and th eir chemical div ersity 

Glucan Abbreviation FungalSonrce Reference 

~faecalis 

(bacterial} 

GrijUla·fmndosa 

SchizophylIan{Sttnfu;m) 

SdEroglncan 

SPG 

n~_~.-.<
~u.u: 

Yeast wbole Il-glncan 
particules 

pesIn!man 

PSK: T__uelSirolor 

Pesndotia sp. 815 

Epiglucm 

linear 13-(1--+3)-glucan 

Two 1!.(1 ~6) branched gfucose 
residues foz=ery five 13-(1--+3) 
glucose residues 
One 13-(1--+6) branched gfucooe 

residue fur evr!£Ythree 13-(1......3) 
glucose residues 
One 1l'-(1....6j bmnched gfucose 
residae fur ~tirree13-(1......3) 
glucose residues 
tnttasonic partial degradation 
ofschi%ophyllan 
One 13-(1-6) branched &'f=1re 
residue for everythl:ee ~(1-3) 

glucose'residues 
Crude ceIlwall extract,of 
~eticallyeRgiIleeringyeast: 
containing a mixture of~(1
3)(1- 6) g1ucans andmannose 
MictuparticoIate fonn of the 

jl-(1-3) glucan 
11-(1--+6) brandled glncase 
residues of 11-(1-3) g1ucan 
Protein-bound jl.(1 ......3) gIucan 

Crude preparation p-.(1-6) 
branched glncase residues 
ofl}-(1-3) glucans 
Three 11-(1-6) branched 
glucose r:esidues every five 
1I-{1-3) residues 
Twa 1\-(1....6) branched glncose 
residues every three fl-(I ....3) 
glucose residues 

(McIntosh, Stone & Stanisich ,
 
2005)
 
(Mun z, Steinman & Fujii, 2005)
 

(Sasaki & Takasuka, 1976) 

(Kilr:umQto S, 1971) 

(1ahnson et ,:,1.1963) 

(Garcia -Lora et a!., 2003) 

(Sato et aI., 200 3) 

(Cheung & Mad ak, 2002) 

(Kurashige, Akuzawa & Endo,
 
1997)
 
(Lebron et nl., 2003)
 

(Misaki et nl., 198 4) 

Schmid et al. , 2001 

. ~ 
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Fig 2 - Immunostirnulation by fungal ~-glucaDs. 
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these in tum activate adaptive immunity (Fig 2), (Ladanyi et al. 
1993; Kurashige et a1. 1997) (Brown et ul. 2002; Sato et a 1. 2003; 
Young et nl. 2004). Zymosan can stimulate the production 
and activity of cytokines such as interleukin (Il.j.2, IL-l0 and 
IL-12 (Du et a1. 2006; Brown 2006), and in vitro studies show 
thatMG is taken up rapidly by peritoneal macrophages (Berner 
er al. 2005). Synthesis of mRNAs of cytokines, e.g. tumour 
necrosis factor alpha (TNF-~), IL-6 and IL-l, is then up
regulated and their secretion increased (Berner et al. 2005). 
However, neither zymosan, PSK nor MG are chemically pure 
P-(l-+ 3)-glucans, so it is possible that other chemical compo
nents in these preparations may be responsible. However, 
when chemically characterized zymosan, treated to produce 
the particule form containing only P'(1-3)-glucan was added 
to cultured macrophage cells, the production ofIL-l0, reactive 
oxygen species (ROS) and TNF increased in a dose-dependent 
way (Saijo et aJ. 2007). Similarly, the addition of a pure glucan 
(SCG) from Sparassis cripa increased the production of IL-12, 
TNFand interferon gamma, Thus, increasing evidence is now 
available from studies with high purity p-glucans and 11range 
of host cells that would seem to indicate that these are the 
effective irnmunomodulators. 

EJftrts on adaptiue immunity 

The adaptive immune system responds to' introduced foreign 
antigens (Munz et al. 2005). It involves both B and T cells. The 
former produce antibodies to mediate humoral imm.unity, 
whereas T cells induce cell-mediated immunfty (Munz et a!. 
2005). Cytokines promote T cell differentiation to helper T 
cells 1 ('eM) and 2 (Th2), which mediate cell and hm:n.aralim
rmmities, respectively (Trinchieri 2003). The- adaptive imm.une 
response also involves dendritic cells (DC), derived from 
monoeytes, and these present antigens to T-cells for activa
tion of immune responses (Munz et al. 2005). These DC are 
activated by PSI{. thus facilitating the expression of adaptive 
immunity (Kanazawa et al. 2004; Munz et a1. 200s). 

Fungal p-glucan-induced irmmme responses are different 
in their actions to Immune therapies based on supplementa
tion of elements of the immune systEm, e.g. exposure toII.2 

and interferongamma. Instead, they appearto actby stimulat
ing the whole immune system. Consequently, theseB-glucans 
may have an advantage in treating diseases. Purthermore; 
many can be administered orally, and combinational applica
tion with other immune therapies maygenerate a more potent 
end result. For example. such a synergistic effuct is believed to 

result from combiningfs-giecan application witheither BeG or 
interferon gamma (Berner et al. 2005; Dra n darska et al. 2005). 

Possible mechanisms of fungal ~·glucan action 

Multicellular organisms possess receptors called 'pattern rec
ognition receptors' (PRRS), to detect innately non-self struc
tures (including pathogen-associated molecular patterns, or 
PAMPs) {Brown & Gordon 200s}. Thus, fungal p-glucam pro
bably act as PAMPs and are recognized by appropriate cell
surface receptors, initiating immune responses. In humans, 
a number of such receptors have been identified. These are 
dectin-l, complement receptor 3 (CR3), scavenger receptors, 

lactosylceramide (LacCer), and the toll-like receptor (TI.R). 
Their roles and consequences of their interactions with p. 
glucans are summarized in Table 2 and Fig 3 (Brown & Gordon 
2005). Evidence suggests that dectin-I is most important in 
the activation innate immune responses in macrophages 
(Herre et aJ. 2004a; Willm ent et a!. 2005), as blocking with an 
anri-dectin-t antibody and knockout of the dectln-I gene 
resulted in the abolition of all macrophage-mediated 
responses (Steele et al. 2003; Taylo r et al. 2007).Other receptors 
may also be involved. They include those detected in the 
U937 cell line, where two receptors other than CR3 could 
bind with scleroglucan, schizophyllan, laminarin, a glucan 
phosphate and a glucan aulphate (Mueller et al. 2000). 
However, their roles are much less clearly defined than that 
of dectin-L 

D«tin-l 

Dectin-I is a lectin consisting offourcomponents: an extracel
lular carbohydrate-recognition domain (CRn), a stalk, a trans
membrane region, and an intracellular cytoplasmic tail 
(Ariizumi et aI. 2000; Brown & Gordon 2001; Marshall et aJ. 
2004). Several human dectin-l isoforms have been cloned 
and characterized (Ross 2000; Hermanz-Falcon et al. 2001; 
Willment et cl. 2001; Yokota et al. 2001). Of these, SGRA and 
BGRB are the two major Isoforms, with BGRBlacking the staJk 
(Willment et al. 2001).. Dectin-l is commonly expressed in 
macrophages, neutrophil lineages, DC, and some T-cells, but 
not in NK cells (Ross 2000; Herre et a1. 2004a; Underhill et cl, 
2005; Willment et 01. 2005). 

The function of dect:in-lin bindingto z.ymosan is achieved 
by the CRD, which also binds to intact ftmgal cells and other 
soluble fungal 11-(1- 3} and/or fl-(1- 6)-glucans (Ariizumi 
et aI.2000; Marshall et al. 20M}.Dectin-I consists of 244 amino 
acids, and has six cysteine residues, all of which ar e highly 
conserved (Ariizurni et al. 20oo). Two amino acids (TIp221 and 
H:is223) located after the fuuIth cysteine residue appear to be 
critical in its binding function (Adachi et al. 2004). Zymosan 
binding may also require other compounds, like the CD63 
tetraspanm receptor and pentra:rin3, a tumour necrosis factor 
(Diniz et 01. 2004; Mantegazza et al. 2004). Evidence has shown 
that dectin-l binds specifically to ~(1-3)-glucans,but only 
those consistingofatleast lQ-meroligosaccharides. However, 
the mechanism for this binding selectivity is not known 
(Palma et al. 2006). There is a need to identify more precisely 
the structural features of ll-glnCBllS that determine the sub
sequent level of activation of immune responses, and more 
studies.with. those whose chemiI:al structures have been fully 
characterized are required. 

Binding of dectin-I with the ligand activates several signal
ling pathways to promote innate immune responses through 
activation of phagocytosis, ROS production, and induction of 
inflammatory cytokines (Willment et a1. 2001; Grunebach 
et ul. 2002). The cytoplasmic domain of dectin-I has an immu
noreceptor tyrosine-based activation motif (ITAM)to activate 
a tyrosine kinase, which in turn stimulates ROS production 
but not phagocytosis (Underhill et a1.2005; Rogers et a!. 2005). 
Activation of this tyrosine kinase also induces synthesis of 
TNF-ct, and IL-2, !L-l0, IL-12. 
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Table 2. - Na ture of the kn ow n rec eptors for i)··g ln ca n s 

Receptor type Chemi.c:al nature Affected cells Effects on immune response Other ligands 

De<:tin-l Glycoprotein Manocytes P.hagoc:y'lDSis Intact fungi, T-cells 
Macrophages Endocytosis 
Neutropbils ROS produetfun 
DC cells <:ytakines (mF..,., JL-2, 10, 12) 
T-ceIIs M1P-2. 

CR3 Ah~ Myeloid A vatiety ofpathogens 
Cansis.t ofCDllb and NK 
CD18chains Neu:traphiIs 

Lymphocytes 
A heterogeneous Myeloid Immunity LOL 
group of molecmes "Endothelial HOL 

Polyanionic 
Microbes 

CWcosphingdlipid canraining Neutrophils BUS A variety ofmicrobes 
a hydmphobic l;pithe.lial Anti-microbial Cytok:ines 
remmide lipid and a (NF-d1) Lyn kinase 
hyliroplrilic: sugar 

TLR A noeel Macrophages Cytokines (NF-d1, TNF-a, aU) A wide 
protein family with DC spectnunof 
associated protein MyD8& Lymphocyt<:s microorganisms 

Epithelial 

CR3, =~t receptor3; CRD,carbohy&ate-recngnition domain; DC, dend:r:itir ~£NOS, endotheIial.nitric oxide synthase; tacCer, lacro
"Yr~e; J1.,. intalenkine; MIP, macrophage inBammatmy protein-2; NK, natmaI!tiller cell; NFodf, nuclear factor-bppaB; ROS, reactive 
oxygen species; TNF-.z, tumour necrosis factor-alpha. 

Several pathways have now been identified as being 
involved in dectin-l downstream signalling (Fig 3). First, some 
evidence suggests it might act synergistically with TLR to pro
duce strong inflammatory responses by stimulating cytoldnes 
such as TNF-a., IL-2 and lL-12 (Gantner et al. 2003 ; Brown 2006). 

Although both dectin-l and TLRs are activated by zymosan 
(Rogers et ul. 2005), the TI.R ligand is not yet known. The sug
gestion is that it may not be a Il-glucan as laminarin had no ef
fect on its signalling pathway, and hot alkali treated zymosan 
only bound to dectin-l (Gantner er a!. 2003). Recent evidence 
also showed that SCG and NaClOoQxidh:ed zymosan (which 
contained only B-glucan] induced production of TNF and IL· 

12 and interferon gamma was not affected by a deficiency of 
MyD88, indicating its effect is independent of the TI.R path
way (Saijo et III. 2007). Whether other fungal~ucans can 
bind to TI.Ris not known. Tlris needs to be determined, and 
it could be that this synergistic effect arises because 
phosphorylated dectin-L can form a complexwith TI.R (Brown 
2006) . 

In addition., ano-ther pathway independent ofTI.R is medi
ated ma spleen tyrosine kinase (Syk), to produce other qto
kines, including the macrophage inflammatory protein-2 
(MIP2, CX(2) and TI.-2 and IL-I0 in mice DC cells (Rogers et aJ. 
2005). After binding to the ligand, dectin-f is phosphorylated 
by a non-receptor tyrosine kinase src, Syk is then activated. 
which in tum actfvates the =d9-bcl1O-Maltl complex. 
(caspase recruitment domain 9 - B-cell chronic lymphocytic 
leukaemillJ1ymphoma lD-mucosa-assodated lymphoid tissue 
lymphoma translocation gene 1). This complex mediates the 
induction of cytokines like nuclear factor (NF)-KB and IL pro
duction. Zymosan failed to activate NF-KB, TNF-ll. IL-2 and 

!L·6 production in caId-l- and Malt -I- mouse dendritic cells 
indicating the importance of the cards-bclte-Maltt complex 
in this pathway (Gross et al. 2006) . Consequently, animals 
with CaId9-1· were much more susceptible to ClIndidlI albiclI11s 
infections (Gross et al. 2006). surprisingly, dectin-l-deficient 
mice had a similar capability to counteract C. albiclIns infec
tions, indicating that another pathway to activate CaId9 by 
p-glucan must exist [Saijo et at 2007). There is now evidence 
that CR3 also activates Syk (Li et al. 2006). 

Furthermore, phagocytosis in macrophages is another sig
nalling pathway activated by the dectin-l receptor (Underhill 

'! 

fl"~ 
<ymmI 

MJD&l! car<!!> 
bellO M1P2 
maltlI
I 

TNF 
TNF Aktlrin.ue NF-kB 
IL-2 :ROS MJIllK KDl..eC
IL-12 ILs-2.10 eNOS ROS 

NF-kB 

Pig 3 - Possible fungall'l-gluc:an mediated signal pathways. 
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et aJ. 2005; Brown 2006}which seems to be independent of any 
involvement by either TLR or Syk. The dectin-l cytoplasmic 
domain has three consecutive acidic amino acids signalling 
phagocytosis and activation of phagocyte lysosomal endo
somes (Engering et al. 2002; Serrano-Gomez et al. 2004; de la 
Rosa et al. 2005). However, its detailed mode of action is less 
clear. Dectin-t has also been shown to mediate zymosan
induced arachidonic add production and cyclooxygenase 2 
expression through its cytoplasmic domain. Both promote 
acute tissue inflammation (Suram et al. 2006). 

The GR3receptor, consistingof CDllb and C018 domains, rec
ognizes a wide range of microbial cells, and functions as an 
adhesion molecule. It is expressed mainly on neurrophiis, 
monocytes and NK cells, but not macrophage; (Ross 2000). 
Two binding sites exist in CDi1b. One is fOI ll-'gluc:ans, and is 
located within the C terminus, while the other far iC3b 
(cleaved component 3 fragment of serum complement sys
tem), is located within the N-terrninus (Thornton et aT. 1996 ; 
Xia & Ross 1999). 

Binding of l3-glucans to CR3 increases adhesion to micro
bial cells and activates theiC3b pathway causing tumour cyto
toxicity (Xia & Ross 1999; Xia et al. 2002) (Tsikitis et al. 2004; 
Kanse et a1. 2004). Such activation requires occupation of 
both binding sites as cytotoxicity is blocked by an anti-CR3 
antibody (Vetvicka et a!.1996; Li et al. 2006). Zymosan increased 
NK cell-mediated killing of tumour cells via activation of CR:j 

(Vetvicka & Yvin 2004; Diniz €I: a1. 2004). However, the trials 
on which this conclusion was based were only conducted in 
neutrophils and NK cells, and other cells may possess differ
en t receptors. NK cells have no dectin-L receptors, so CR3 
may be the major receptor. Neutrophil cells have both CR3 
and dectin-t receptors, but is it not known what happens 
when CR3 receptors are blocked, or what the specific role of 
dectin-I is. Zymosan also binds to dectin-r in neutrophil cells 
to activate immune responses [Willment et a1. 2005), and if an 
anti-CR3 antibody inhibits these, then it is possible that 
dectin-I and CR3 are both needed for zymosan-induced 
activation. 

ScavengeT l"eceptors 

Scav enger receptors located in myeloid and endothelial cells 
comprise a heterogeneous group of proteins with two trans

membrane domains, two intracellular domains andone extra
cellular domain (Acton et aL 1994; Rice et a!. 2002; Assanasen 
et af. 2005). These recognize a range of foreign cells, low
density lipoprotein (IDL), high-density lipoprotein (HDL) and 
selected polyarrionic ligands (Assanasen et a!. 2005). Although 
lentinan can bind to these receptors, no specific ~·glucan 

scavenger receptors have yet been identified (Rice et aI. 

2002). Multiple signalling pathways appear to be activated by 
the Src receptor, including those involving Src family 
kinase(s), phosphatidylinositol-3 kinase (PI3K), Akt kinase, 
and p38 mitogen-activated protein kinase (M.o\PK), and an 
endothelial nitric mode synthase (eNOS) (Mineo et al. 2003; 

Assanasen et al. 2005). However. their possible role, if any, in 

the biological effects mediated by fungal p-glucans is still un
known, and no evidence is available that they are important. 

lac!:el" 

LacCer located in neutrophil and endothelial cells is a glyco
lipid containing a hydrophobic ceramide lipid and a hydro
philic sugar moiety. It recognizes both microbial cells and 
fungal fl-(1-+3)-glucans (Zimmennan et a1. 1998). In alveolar 
epithelial cells , the f\-(1-+3}·glucan cell wall component of 
Pneumocystis carinii increased synthesis of NF-KB, MJ1>-2 and 
TNF-Il. through a protein kinase C signalling pathways (wang 
et a1. 2005; Evans et al , 2005), while in neutrophil cells, LacCer 

increased ROS production to ltiUmicrobes through activation 
ofPI-3K, MAPK, andproteinkinaseCmediated by the Src fam
ily kinase Lyn (Iwabuchi & Nagaoka 2002). The role played by 
!l-(1-+3)-glucans in mediating these immune responses again 
requires further study, preferably in experiments using puri
tied preparations ofImown chemical structure. 

TLRs are transmembrane receptors of a novel protein family. 
At least 11 members of this family exist in humans (Roeder 
et a1. 2004). They respond to the presence of a diverse group 
of microbes including fungi, bacteria, viruses and protozoa 
(Roedel' et al, 2004). Fungal cells and zymosan bind to TI.R 2 
and 4 , and both activate innate immune responses (Takeda 
et a1. 2003). TI.R2 causes an increase in the levels of NF-KB 
and cytokine production, in cluding TNF·(L and IL-12, which 
is mediated by the adaptor protein MyD88 [Ozinsky et a!. 
2000; Kataoka et a1. 2002; Lebron et a!. 2003). However, most 
ofthese data were again generated in studies with chemically 
crude I!-glucans. For example, the zymosan used probably 
contained the lipopolysaccharide (LPS) endotoxin from 
Gram-negative bacteria. which is also a strong inducer of 
TI.Rs (Kaw ai et nl, 2001; Duenas et aJ. 2006; Lapaque et al. 2006). 

In summary, what seems clear is that recognition of 
l3-glucans by these receptors leads to elimination of bacterial 
pathogens, and a single soluble fl-gJucan preparation may 
activate several receptors, as seen with zymosan which binds 
to decdn-I and CR3 (Ariizumi et a1. 2000; Diniz et al. 2004; 
Takeda et al. 2003).. Fungal B-glucans may activate different 
immune.ceIl populations through specific receptors, although 
sometimes several.recepters may eristin a single celL Dectin
1 seems to be most important in macrophages, and while CR3 
has a role in NK cells, different receptors are present in neu
tropbils. Altbougb. co-ardinated effects between dectin-1 and 
TI.R are well documented, those involving other receptors 
have notbeen well studied. 

hnportance of a.·glucans in the treatment of cancer 

Since their anti-tumour activity Was first demonstrated nearly 
50 y ago, many animal experiments have demonstrated the 
remarkable effects of certain fungal ~-glucans on a range of 
tumours (Vetvicka & Yvin 2004). Several human clinical trials 
have also shown possible treatment benefits, although these 
data are still preliminary and controversial. Currently, 
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lentinan, schizophyllan, and PSK are approved -in Japan for 
clinical use in human cancer treatment (Mizuno et ul. 1999). 

Cancer is uncontrolled cell proliferation induced by many 
factors including environmental chemicals, viruses, bacteria, 
hormones, and chronic inflammation (Nam et al, 200s). Three 
developmental stages are recognized (Borchers et a1. 2004; 
Nam et aL 2005). The first is initiation. in which a mutagen 
binds to the cell DNA and causes damage, which by itself is 
usually insufficient to induce tumour production. The second 
stage is activation of a tumour promoter that leads to the for
mation of small benign tumours. Finally in the third stage, 
progression, the normal tight control over the cell cycle is 
lost, resulting in uncontrolled cell proliferation (Borchers 
et al. 2004). Studies with oligonucleotide microarrays in hepa
tocellular carcinoma have revealed that multiple gene muta
tions are involved in tumour development (Nam et al. 2005). 
Thus, as many as 3084 altered genes correlated with tumour 
progression from the formation of dysplastic nodules eventu
ally to overt hepatocellular carcinoma Among these, 240 
genes were associated with different stages in tumour 
development. 

Although surgical resection remains the most effective 
early treatment of solid cancers, chemotherapies and immu
notherapies are often used (Nilsson et al. 2004). Progress in un
derstanding the molecular mechanisms of carcinogenesis has 
allowed these non-surgical therapies to become more effec
tive. Some fungal n-glucans appear to beneficially influence 
both cancer promotion and progression (Takaleu et al. 2001; 
Nilsson et aT. 2004; Nam et al, 2005), and such treatment of 
rats has led to formation of much smaller tumours than those 
seen in controls (Vetvicka & Yvin 2004). 

Fungal Is-glucans also have synergistic effects with mono
clonal antibodies used in cancer treatment. Monoclonal anti
body therapy targets key components of the biological 
pathways involved in carcinogenesis. Furthermore, yeast 
p-ghlcans given orally with monoclonal antibody therapy 
increased neuroblastoma tumour regression and long-term 
survival in mice (Cheung et aL 2002; Cheung & Modale 2002; 
Yan et a1. 2005). In mice with established subcutaneous non
Hodgkin 's lymphoma xenografts, a combination of intrave
nous complement-activating antibody, rituximab, and WGP 
from yeast had a higher therapeutic efficacy than treatment 
with either alone (Modak et a1.2005). WGP induced the killing 
ability of Mab G250, an antibody against the enzyme carbonic 
anhydrase. and present only in renal carcinoma cells, (Sier 
et ai.2004),by assisting granulocytes to kill iC3b-coated cancer 
cells. Intravenously and orally administered Il-glucans (e.g. 
WPG) promoted tumour regression by stimulating granulo
cytes and macrophages, as well as triggering cytotoxicity of 
tumour cells, but not in CR3-/- mice, indicating a critical role 
for CR3 (Allendorf et a!. 2005; Yan et Ill. 2005). Two domains 
of the CR3 receptor must both be occupied by iC3b and the 
Il-glucan to exert this killing effect (Sier et al , 2004; Ii et al. 
2006). As no Il-glucans are synthesized by humans, monoclo
nal antibodles enhance treatment capabilities only after their 
administration (Sier et al. 2004). 

Although these data are im pressive, they are not easy to 
interpret mechanistically, as none of the Il-glucans used in 
the studies were confirmed as being chemically pure. In addi
tion. some chemical variation in the structure of most natural 

products is to be expected. Explanations for their mechanism 
of action are also limited to considering a role for the CR3 
receptor alone. 

Thus, concommitant use of the anticancer drug 5-1 and 
lentinan prolonged survival times of colon-26-bearlng mice 
(Mushiake et al. 2005).but not in athymic mice, which suggests 
some role for DCs. These mice showed increased CD86+ DCs 
infiltration into colon-26 and more potent activities for T-cell 
proliferation and T-lymphocyte cytotoxicity. Consequently, 
DC may playa key role in stimulating anti-tumour immunity 
in combination with lentinan. Orally administered WGP may 
be taken up by macrophages in the gastrointestinal tract and 
shuttled to the bon e marrow where itis degraded and secreted 
as smaller soluble 1l-(1-+ 3)-glucan molecules, which then bind 
to the receptor CR3 (Hong et al. 2004). Further consideration 
will be given to the possible metabolic fate of ingested 
ll-glucans later. 

Certain fungal Il-glucans may also ameliorate chemother
apy and radiation treatment by increasing patient tolerance, 
and speed recovery from toxic effects (Harada et al. 2002; Gu 

et al. 20OS), the most severe of which is leukopenia, associated 
with an increased risk of infection. In a mouse model with 
cyclophosphamide-induced leukopenia., oral administration 
of the Il-glucans from Sparassis crispa markedly increased the 
rate of leukocyte recovery (Harada et aI. 2002). Furthermore, 
intraperitoneal injection of a yeast derived Il-glucan decreased 
mortality in tumour-bearing mice exposed to Whole-body 
X-ray radiation, and increased their leukocyte and lympho
cyte numbers, including both NK and lymphokine-activated 
killer (LAK) cells {Gu et al. 2005). 

PSK has been successful in postoperative treatment of re
sectable cancer in humans, increasing survival rates (Mune
moto et aT. 2002; Ito et al. 2004). A literature search has 
revealed 48 published clinical trials using PSK (Sakamoto 
er a!. 2006). Three involved 1094 patients, and results showed 
that adjuvant immunochemotherapy with PSK increased 
five-year overall survival rates from 722 % to 79 %. and five
year disease-free rates from 65.9 % to 72.2 % {Nakazato et al. 
1994; Ito et al. 2004; Ohwada er a!. 2004). Although both sets 
of data are statistically significant, in the trial of Ito et al. no 
difference was recorded for seven-year overall survival and 
disease-free rates (Ito et al, 2004). Thus, these data are still 
very preliminary; again the major weakness in interpreting 
these data is that PSK is not a chemically pure Il·glucan, but 
a protein {25%)-bound polysaccharide extracted from myce
lium of C. versicolor(Kobayashi et ol. 1995). It is thought to con
sist of a main chain of 1l-(1-+4)-linked glucose residues with 
a side-chain of 1l-{1-+3) as well as ~-(1-+6} linked glucose res
idues. There is also the possibility that PSK, like WSP, may be 
degraded to smaller molecules in the body. which then bind to 
receptors. 

Lentinan has also been used in similar clinical trials and 
been shown to prolong survival times of humans with gastric: 
cancer from 199 to 297 d of the median survival period 
(Nakano et a!. 1999). A crude ll-{l ... 6)-glucan extracted from 
AgaricusblazEibasidiocarps caused apoptosis or programmed 
cell death in human ovarian cancer HRAcells. As the apopto
tic effect of this Il-glucan could be abolished by applying the 
p38 MAPK-specific inhibitor, SB203580 (Kobayashi et al. 200s}. 
this would seem to involve activation of the p38 MAPK 
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pathway by translocation of an apoptosis activator Bax from 
the cytosol to the mitochondria, cytochrome c release and 
caspase 9 activation. In our opinion, these clinical trials are 
still very preliminary. and the data from them should be 
treated cautiously. 

In addition, lentinan, GRN, SSG, and SPG also reduce pre
ventatively the overall risks of cancer (Greenwald et ul, 2001). 
As these are caused by mutations, oxidative stress, and in
flammation, and develop in several stages from multiple 
gene mutations, they are preventable by blocking the appro
priate regulatory molecules involved in these processes. 
These are known to include Nrf2 (nuclear factor erythroid 2
related factor 2). epidermal growth factor receptor kinases, 
phosphatidylinositol 3-kinase, components of the Janus 
kinase-signal transducers and activators of transcription 
OAK-STAT) pathway. NF-KB and eyclin D (Sporn & Liby 2005). 
Cancers examined include melanoma, adenocarcinoma, 
mammary carcinoma, lymphocytic leukaemia, and Lewis 
lung carcinoma (Suzuki et al. 2001). The most impressive 
data come with lentinan, which in animal models prevented 
carcinogenesis in chronic ulcerative colitis by inhibiting ex
pression of P450 tAl, which catalyses pre-carcinogenic com
pounds (W..itamura et al. 2000; Okamoto et al. 2004). This 
inhibition was mediated by an in crease in TNF -a levels and 
DNA-binding activity of the NF-dl. Other fungal fi-glucans of 
known chemical composition should be screened to see 
whether common mechanisms of action might ex ist. 

In summary, fungal B-glucans may exert multiple effects 
on cancer cells and prevent cancer. Their mechanisms of ac
tion appear to be complex, The regulation by Il-glucans of 
the signalling pathways of tumour production involves 
many key elements (Sporn & Liby 2005). Most studies so far 
demonstrate that p-glucans cause regression in tumour size, 
but not total tumour eradication. These are different because 
regressed tumours can enlarge rapidly when treatment stops. 

bnportance of fungal IJ-glucans in the treatment 
of infectious diseases 

The major current problem in controlling infectious diseases 
is antibiotic resistance (Suzuki et al. 2001). Some fungal j}

glucans are effective against almost an known pathogenic 
microbes, by acting through several different immunomodu
latory mechanisms, 

Anti-viral actillity offungal p-glucans 

SPG. lentinan, zymosan, and bacterial curdlan all appear 
effective against several viral agents (Mayell 2001), although 
most data available are only descriptive. SPGcontrols chronic 
hepatitis B infections, by modulating both cellular and 
humoral immune responses (Kakumu et aI. 1991). In mice 
injected with hepatitis virus strain MHV-A59, a l3-glucan pre
pared from Saccharomyces cereuisiae cells increased infected 
cell survival by inhibiting cell necrosis and activating phago
cytic activity (Vetvicka & Yvin 2004). 

Zymosan from S. cerevisiae enhanced the immune res 
ponse in humans administered the human immunodefi
ciency virus (HlV) vaccine by stimulating Th cell-mediated 

immunity through activation of the complement system and 
interferon gamma (Ara et al. 2001). The same Il-glucan also 
decreased viral nucleic acid levels in cells of pigs infected 
with swine influenza virus, and led to increases in their inter
feron gamma and nitric oxide levels (lung et cl, 2004). 

Some preliminary clinical trials have been conducted with 
lentinan in the treatment of HIV patients suffering no accom
panying opportunistic infections. In a placebo-controlled trial 
in San Francisco, patients (ten per group) with HIV were 
administrated 2, 5, an d 10 mg lentinan or the placebo intrave
nously. Results showed increased eD4 cell numbers in those 
administered lentinan (Gordon et aI. 1998). When lentinan 
was applied with didanosine in HN-positive patients with 
CD4 levels of 200-500 cells mm- 3• CD4 cell numbers increased 
by about 142 CD4 cells mm" over 12 m , whereas didanosine 
alone led to decreased CD4 numbers (Gordon et al. 1995). 
These trials suggest that lentinan was more effective in com
bination with other antiviral agents, although the patient 
numbers used were small. 

Anti-bacterial activities of fungal glumns 

Some J3-glucans. including lentinan, WGP, PPG, and SSG, are 
also effective against bacterial infections. Thus, lentinan 
reduced Mycobact:er:iaum tuberculosis infections by increasing 
macrophage levels in vivo in a rat model and in vitro examina
tions showed these macrophages had increased killing ability 
toward M. tuberculosis cells (Markova et al. 2003; Markova et aI. 

2005). Both PPC and WGP have effectively treated mice against 
Bacillus anthrax infections (KournikaJcis et ul. 2003), correlating 
with increases in levels of cytokines IL·2 and !L-l0, although 
experiments to clarify their modes of action by blocking 
cytokines were not conducted. When SSG was tested against 
Streptococcuspneumol1iae types 4 an d 6Bin mice infected exper
imentally intraperitoneally (Hetland et aI. 2000), it protected 
animals against both strains when applied 3 d before chal
lenge. However, it was only effective against the type 4 strain 
when administered after infection. 

PGG from Saccharomyces cereuisiae also effectively treated 
StnphyIococCliS IlUT€lJS infections involving strains resistant to 
severalll-lactam antibiotics including methicillin, by improv
ing patient survival by 80 % (Liang et aJ. 1998). It also success
fully treated methicillin-resistant strains of S. nureus and 
S.epidamidis inguinea. pigs (Kernodle et al.1998).As with other 
examples given here, only a restricted range of Il-glucans have 
been examined in this way and further work with others 
(Table 1) seems warranted. PGG can also prevent wound 
infections, and was more effective in combination with the 
antibiotic cefazolin than alone (Kaiser & Kernodle 1998). 
However, no explanation was provided. 

When SPGand zymosan were examined for their effects on 
tissue injury induced by LPS, the outcomes were controversial. 
The claim that SPG reduced LPS-induced toxicity both in rats 
and perfused liver (Kukan et nl. 2004) by reducing the basis 
forLPS toxicity that requires induction ofTNF-a at a transcrip
tionallevel (Harrison et al. 2004), has been questioned. Zymo
san may also actby stimulating hepatic macrophages (Kupffer 
cells) and increasing their sensitivity to LPS, leading to in
creased TNF-a.-induced hepatic lesion (Beutler & Cerami 
1989; Yamaguchi et al. 2001). 
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Overall, the evidence seems to suggest that (l·glucan ther
apy should be better based on disease prevention than its 
cure, where the immune system can be stimulated first to 
cope better with subsequent infections. No studies have 
been performed yet to examine the possible effect of dectin-1 
and other receptors in this antibacterial role of fungal s-glu
cans, although it seems unlikely that different receptors 
would be involved. 

Anti-fungal activity offungal ,fl-glucanll 

Currently, opportunistic fungal infections are problematic, es
pecially in immunocornpromised patients with HN and can
cer, so any stimulation of the immune system may be 
critical in patient survival. Ai; mentioned earlier, Il-glucans 
are major components of walls of pathogenic fungi and prob
ably act as important inducers of immune responses against 
them by binding to the dectin-1 receptor [Netea et al. 2006; 
Saijo et af. 2007; Taylor et al. 2007). Some edible p-glucans 
can activate phagocytic cells including macrophages, neutro
phils and DC to enhance the host's innate response to fungal 
infections (Herre et al. 20Mb). For example, MG up-regulated 
synthesis of the cytokines TNF.[1, IL-6 and IL·1 mRNA in mac
rophages, neutrophile, and DCs (Berner et al. 2005). Severalll
glucan receptors appear to be involved. Cell wall p-glucans of 
PseudQmonas carinii bind to dectin-l and Lac receptors on alve
olar epithelial cells to promote innate immune responses 
(Hahn et al. 2003). The signalling protein MIP2 is activated 
and eytokines then released. A synergy exists between inter
feron-gamma and these wall Il-glucans, as pre-treatment 
with interferon-gamma increases the sensitivity of response. 
Other (l·glucans like zymosan can protect host cells against 
Candida albicans and P. ccrinii infections, involving their recog
nition by dectin-1 (Hobson et al. 2004; Gantner er ai. 2005; 
Steele et al. 2003; Viriyakosol et al . 2005). TLR has also been 
shown to be involved in host cell immune responses to 
some fungal infections (Roeder et aL 2004). 

From in vitro experiments, peritoneal macrophages from 
mice treated with the particulate (l-glucan from Saccharomyces 
C2rl!llisiae showed enhanced activity against P. brasiliensis In
fections (Pe!izon et al. 2005). Their spleen cells had higher syn
thetic abilities for TIJF·[1 and 11-12, and IL-12 treatment can 
inhibit spread of P. brasiliensis cells to the liver and spleen 
(Calich et al. 1998; Arru da et a!. 2002). In a monocyte monolayer 
cell culture, both mRNA and eytoltine 1Nf-[1 and IL-l 1'1 were 
induced by purified yeast glucan particles (Abel & Czop 
1992), an event that was partially preventable by trypsin expo
sure, indicating a possible involvem ent of trypsin-sensitive 
Il-glucan receptors, which were not identified. 

Treatment of opportunistic fungal infection by traditional 
chemotherapy is not very effective. However, combinational 
therapy with antifungal agents and the immune stimulator 
granulocyte colony-stimulating factor (G-CSF) has success
fully treated immunocompromised mice infected with Asper
gl1lus jicmigatus (Sionov et a!. 2005).Fungal j3-glucans have not 
yet been incorporated into such treatment regimes, although 
theoretically there seems no reason why they should not act 
synergistically with other anti-fungal agents and immune 
stimulators. 

Role of fungal ~-glucans in the treatment of 
hypercholesterolaemia. diabetes, high blood 
pressure. and wound healing 

HypercholesterolaemiQ 

Cardiovascular disease related to elevated blood cholesterol 
levels is still the most common cause of death in humans in 
western countries (Strong et al. 2005). Cholesterol contains 
LOLs and HOLs (Strong et cr.!. 2005). LOL has been associated 
with an increased risk of coronary artery disease. Yeast j3
glucans appear to be effective in lowering blood cholesterol 
concentrations, but the mechanism by which this occurs is 
still undear (Nicolosi et al. 1999); there are few studies that 
have tested other fungal fl-glucans for this activity. 

Diabetes 

Several fungal B-glucans may reduce blood glucose concentra
tions after eating, possibly by delaying stomach emptying so 
that dietary glucose is absorbed more gradually (Lo et al. 
2006). Orally ingested fruiting bodies and the aeidic polysac
charide of both Tremella mesenterica land T. aurantia both 
reduced blood glucose concentrations in induced diabetic rats 
(Kiho et al. 1995). However, the structure of the active polysac
charide component was later shown to have a·(1 ....3)-linked 
D-mannopyranosyl residues as the backbone and (1....3)
linked Il-D-xylopyre.nose side chains at position 2, and Il-D· 
glucopyransyluronic acid at position 4 (Kiho et al. 20(0), so it 
was not a I'I-glucan. This emphasizes the risks associated 
with interpreting data from experiments where crude fungal 
preparations axe used. A crude exopolysaccharide produced 
from submerged mycelial cultures of Phe!linus baummi also 
exhibited hypoglycaemic effects instretozotocin-induced dia
betic rats (Kiho et aT. 2000), but again the active component 
was not convincingly verified as a Il-glucan . In genetically 
diabetic mice fed 20 % whole mushroom maitake powder 
and its chemically derived fractions prevented an increase 
in blood glucose levels by increasing insulin sensitivity 
(MayeIl2001). A j3-glucan prepared by hot water extraction of 
Agaricus bl=ibasidiocarps showed anti-hyperglycaemic, anti
hypertriglyceridaemic, anti-hypercholesterolaernlc and anti
arteriosclerotic activity in diabetic rats, although the active 
component was not identified (Kim et al. 2005). When these 
preparations were digested by an endo (l-{1 ....6)-glucanase 
from Bacillusmegtrterium, the resulting di- and tri-saccharides 
had double the anti-diabetic activities shown by the parent 
Il-glucans, again raising question as to whether p-glucans or 
their derived oligosaccharides are the effective agents, No pu
rified fungal j-glucan whose chemical structure has been fully 
characterized has yet been tested against diabetes. Conse
quently, the need is to clarify the structural features required 
and to identify the nature of the p.glucan binding receptors 
related to such activities if its promise is to be realized. 

Blood PT€SSUT€ 

Some fungal p-glucans may also control blood pressure.An in
travenous infusion of Ianaqueous extract of Pleurotus sajor-caju 
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mycelium caused a decrease in the mean systemic blood pres
sure in rats, although the biologically active component was 
not identified (Tam et a1. 1986). However, in genetically defi
cient rats with spontaneous hype;rtension (SHR), a diet con
taining 5 % maitake from Grifola fronoosa had the same effect 
(Kabir et a!. 1987; Kabir & Kimura 1989). Because of the com
plex chemistry of these basidiocarps, attempts have been 
made to elucidate which chemical components are responsi
ble, and data again suggest that these may not always be Ii
glucans. Thus, in one trial a lectin from Tricholoma mon90licwn 
basidiocarps appeared to be the effective agent (Wang et al. 
1996). Responses with whole maitake basidiomes have also 
been compared with those from their ether-soluble and wa
ter-soluble extracts (Talpur et al 2002), and as only consump
tion of the ether-soluble extract decreased systolic blood 
pressure in SHR, any role for Il-glucans seems improbable. 
Furthermore, the component from Tamogi-take mushroom 
(pleuTOtus comucopiae) that inhibited angiotensin I and so 
decreased blood pressure in SHRwas shown to be Dvmannitol, 
(Hagiwara et aL2005).Yet consumption of Whole maitake basi
diocarps and the water-soluble extract also led to a decrease 
in blood pressure in Zucker fatty rats, a diabetes rat model 
[Talpur et aJ. 2002). Thus, the possible involvement of fungal 
p-glucans in reducing hypertension is not yet clear, and as 
with many of the biological effects discussed here, now seems 
the time to direct our efforts to assessing more carefully 
purified, and structurally characterized individual fungal p
glucans. 

Macrophage activities stimulated by B-gIucans from Saccharo
myces cereuisitn? may also benefit wound healing and reduce 
scar tissue levels after surgery or trauma, as revealed by 
both animal and human studies (Mayell 2001; Portera et a1. 
1997). In normal human dermal fibroblasts thisfl-giucan prep
aration stimulated procollagen rnRNA and collagen biosyn
thesis, together with increased NF-l {Wei et a1. 2002b}. 
Inhibition of NF-l by pentifylline blocked induction of procol
lagen mRNA by thesame II-glucan, which also induced mRNA 
synthesis of marry other wound growth factors including 
activator protein-I, specificity protein-a, neurotrophin 3, 
platelet-derived growth factor A, B, fibroblast growth fuetor 
acidic, fibroblast growth factor baric, transforming growth 
factor (X, I\, and vascular endothelial growth factor (Wei et aL 
2002a). However, how the synthesis of these factors is regu
lated in the signal transduction pathway is unclear. 

Immunomodulation by fungal j"i-glucans: 
structure-function relatienshipe 

Traditionally the beneficial effects described here were 

reported in humans eating fungal basidiocarps, and not 
from consumption of single pure p-glucans, so most of the 
available information on relationships between structure 
and function is confused by this. However, it seems clear 
that individual fungal p-glucans differ in their effectiveness 
as immunomodulators. Even Il-glucans with similar reported 
structures, molecular weights and solution conformations 

can differ markedly. This may reflect our inability to acquire 
sufficient detail from their structural analyses to allow us to 
recognize possible subtle structural differences. between 
them, using the present methodologies of nuclear magnetic 
resonance (NMRj and methylation analyses to determine 
branching patterns. Yet these response differences are much 
more noticeable when structurally quite different glucans 
are compared. The most popular f1-glucans, lentinan, schizo
phyllan, grifolan, and SSG from Lentinus edodes, Schizophynum 
commune, Grifola jrondosc, and Sderotinia. sclerotiorum, are all 
Il-(1--> 3)(1-6)-glucans, but with different reported branching 
frequencies (Table 1). All are effective against the same tu
mour model, but at quite different doses. Some papers have 
reported correlations between ~g1ucaneffectiveness and mo
lecular structure, size, branching frequency, structural modi
fication, conformation and their solubility, but it is still 
difficult to confidently make generalizations because of the of
ten contradictory data available Furthermore, as mentioned 
earlier in this review we do not understand well the metabolic 
fate of ingested 1l·g1ucans, and wh ether they require modifica
tion and POSSl1Jly conversion to smaller oligosaccharides, to 
have an effect. These are difficult questions to address exper
imentally, but the acidity ofthe stomach may readily generate 
partial acid hydrolysis products from them. 

Molecular structure and size 

The anti-tumour effects offungal B-glucans seem to be related 
to their structural features. For example, a fl-(1 --+3)-linked 
backbone seems essential (Seviour et a1. 1992; Demleitner 
et al. 1992). So, although schiwphyllan showed anti-tumour 
activity against Sarcoma 180 tumour cells, all glucans tested 
with a.-(1--+3)-glucosidk links lacked any biological activity. 
Mlsaki et a!. (1981) also showed. that having 1J--(1-6)-linked 
side chainsofglucose residues increased anti-tumour activity. 
Only a relatively small number af glucans have been exam
ined, but most subsequent worlc has focused mainly on 
P-(1....3}(1 ....6}-g!.ucans. However, factors other than their 
branching frequency maybe important. Of these, molecular 
size seemsto affect biological adIvity. Thus, for sderoglucan, 
only preparations of <50 x J04 gmol-1 or >110 x 104 g 0001-1 

were effective (Falch et ul, 2000). Conversely, only low molecu
lar weight lentinan had high anti-tumour activity (Zhang et a!. 
2005), so generalizations of this kind are risky. 

SoloWity of p·gluazns 

The solubility of 13-glucans depend on their degree of polymer
ization and thus their physical organization (Zekovic et a1. 
200S). Unsurprisingly, soluble p-glucans appear to be stronger 
immunostimulators than insoluble ones (Di Luzio et ul. 1979; 
Di Luzio et al. 1980; Xiao et cl, 2004), although the reasons are 
not totally clear, and orally administered insoluble fl-glucans 
may be subsequently degraded into smaller bioactive oligo
mers after ingestion (Hong et aL 2004). 

BrQm:hing frequency 

The branching frequencies of fungal 1i-(1 ....3){1 ....6)·glucans 
are thought to determine their biological activity (Seviour 
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et aJ. 1992), and a branching frequency of 0.2 {1in S backbone 
residues} to 0.33 {I in 3 backbone residues} was suggested as 
being optimal (Miyazaki et aJ. 1979). Thus, although both un
branched bacterial curdlan and several J}--llnked linear syn
thetic carbon 4 and S oligosaccharides (Iamois et aJ. 2005) 
showed some biological activities, chemical addition of 
1l-{1-+6)-linked glucose residues to the curdlan backbone led 
to increases in its activity against mice sarcoma 180 cells 
(Kiho et aJ. 1998). Binding studies with receptors in U937 cells 
suggested that the more highly branched sderoglucan, and 
schizophyllan had a higher affinity than that shown by the 
infrequently branched laminarin from the alga Laminara 
digita (one every ten) , but this in tum h ad a higher affinity 
than either linear glucan phosphate or glucan sulphate prep
arations (Mueller et aJ. 2000). In addition, scleroglucan has 
a much higher receptor binding ability than schizophyllan, al
though they reportedly have the same branching frequencies 
(Mueller et aL 2000). In this study the chemical structures of 
both p-glucan preparations were meticulously confirmed. 
Yet the important question of how and why branching fre
quencies might influence the host immune responses is not 
clear. It is also possible that the reported branching frequen
cies of their repeating units represent only the molecular 
average and that a considerable variation. in it might occur 
within inrlividuallong p·glueans chains. 

Branch modification 

Some published information is available on how modifying 
the glucan side chains might affect their biological activity, 
and in some, it may increase it. When insoluble scleroglucan 
and its sulphated, carboxymethylated, methylated, hydro
xyethylated and hydroxypropylated derivatives were tested 
against sarcoma 180 tumour and gastric carcinoma cells 
(Misaki et aJ. 1984;Wang et al. 2004), the sulphated and carbox
ymethylated forms showed the highest activity. The parent 
form had no anti-tumour activity against these cancers. Some 
evidence suggests that increased anti-tumour activity can 
also be achieved by polyol modification of the side chains resi
dues of pestalotan (Misaki et ol. 1984); but until mote similar 
studies are performed with a greater diversity of glucans, any 
potential benefits from this approach will remain unclear. 

Henad amfllmlatill1l 

Il-Glucans can adopt either a single or triple helical conforma
tion in solution, where hydrogen bonds hold the individual 
polymer chains together. Those with a triple helical configura
tion have been regarded as being the mote powerful immune
modulators (Falch et a!. 2000). For example, in a study by Palch 
et nl. scleroglucan was only biologically active in a linear 
triple helical arrangement, and its subsequent denaturation 
reduced its cytokine inducing activity in monocytes (Falch 
et aT. 2000). However, with schizophyllan a helical conforma
tion by itself is not decisive and other factors are more impor
tant. Thus, in a single helical conformation schizophyllan 
stimulated TNF-cr. activity in U937, Thl, and human PBMC 
cells, but the native triple helical form was ineffective. A 
P-(l--+3Hl--+6}-g!ucan from Glomerella cingulata was effective 
against tumour growth in mice, regardless of whether it 

existed as a a triple helix, or in a single-helical conformation 
(Gomaa et aL 1992). Furthermore, chemically synthesized car
bon 4- and S-Il-linked oligosaccharides possess a high biolog
ical activity in the absence of any triple helical structure 
(Jamois et 01. 2005). 

Further study is required before we fully understand possi
ble structure-function relationships in Il-glucans. As already 
mentioned, orally administered f}'gluCllns may be chemically 
and/or enzymatically modified following their ingestion, to 
generate smaller oligosaccharides (Hong et a!. 2004). Thus, 
the actual molecules binding to the cell receptors to produce 
the effects discussed here may in faet be these smaller oligo
saccharides. If this is the case, it may be possible, by careful 
choice of ~-{1-+3)(1--+ 6)-endoglucanases or partial acid hydro
lysis, to deliberately generate oligosaccharides of desired 
properties from chemically pure ll-g!ucans. Consequently, 
assessing their biological activities could be fruitful. Unfortu
nately when enzymatic digestion of the structurally heteroge
neous Il-glucan from VollJarieHa uoluacen generated several 
oligosaccharides with different branching frequencies, their 
individual anti-tumour activities were not reported (Kishida 
et al. 1989). In addition, it may be possible by selecting different 
cultural conditions to persuade the fungus to synthesize glu
cans with different branching frequencies, as reported for 
Botryosphaera spp. (Steluti et cl. 20M), which might then be 
used as substrates for possible enzymatic modification. It is 
not known if the same approach would succeed with other 
p-glucan-producing fungi, although there may eventually be 
other culture-dependent methods to generate tailor-made 
p-glucans for work of this kind, once their biosynthesis and 
methods of assembly are better understood. 

Adverse effects and efftcient usage 

When purified fungaljs-glucans have been administered orally 
for treatment of human diseases, no adverse effects in 
humans have been recorded. However, co-administration of 
zymosan, sonlfilan, grofolan, SSG, and non -steroidal anti
inflammatory drugs such as indomethacin has been reported 
to cause death (Yoshioka et a!.1998; Takahashi et al. 2001). Fur
thermore, particulate or slightly soluble fungal p-glucans 
given intravenously were reported to cause granuloma forma
tion, microembolization, inflammation and pain {Di Luzio 
et al. 1979; Chesterm an et al. 1981; Zekovic et a ]. 200S}. Crude 
preparations from basidiocarps with high p-glucan levels 
may also have adverse side effects. Some wild mushrooms 
may contain high concentrations of toxic metals including 
arsenic, lead, cadmium and merC'UJY (Borchers et al. 2004), 

and preparations with high protein contents may cause aller
gic responses including asthma (Borchers et al. 2004). Thus, it 
is important to restrict those used for human ingestion to 
approved and certified fl-glucan products of known chemical 
composition. 

In addition, although ~-glucans are found in all fungi, they 
are complexed in cellular structures with other components, 
which can make them difficult to digest and be absorbed. Ide
ally those fungi producing exocellular p-glucans under care
fully controlled laboratory conditions are more attractive 
sources and should be given specific attention, especially for 
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large-scale production. Furthermore the range of fungi 

reported to produce them continues to increase, and often 
the growth conditions known to stimulate their production 
are documented (Seviour et al. 1992; Selbm an n er aL 2004; 
Stelu ti et aL 2004; Rezende et aL 200 5; Leung et al. 2006). 

COnclusions 

In summary, fungal ll-glucans appear to be beneficial to 
humans with impaired immune systems, and those suffering 
from infectious diseases and cancer, as well as in helping pa
tientrecovery from chemotherapy and radiotherapy. They are 

al so especially beneficial to middle-aged people, people with 
active and stressful lifestyles, and athletes. The mechanisms 
of action of these fungal ll-glucans appear to depend on their 
capabilities to bind to cell receptors, wbic:h are known to 
include dectin-l., CR3, LacCer, and scavenger receptors, This 
even t then leads to activation of multiple signal pathways 
which in turn promote immune responses in the affected 

cells. Data suggest that different fungal B-glucans have differ
ent effectiveness probably through their diffi:.Tent binding 
affinity to each receptor, although the chemical purity of the 
glucans used in these studies is not always known.. Corre

spondingly, the choice of which ~gltlcan to use may be 
important. Unfortunately, we still do not understand what 
structural features are best for inducing activities, 

Future studies now need to characterize mechanistically 
how individual Jl-glucans of known structure hind to each 
receptor. Onlythen can we rationally improve this technology. 

This information may be obtained from 1}more precise iden
tification of I}-glucan structural diversity from the purification, 
characterization and screening of additional fungal s-glucans 
with structurally attractive overall features 2} synthesis of fl
glucans with these optimal structural features by deliberate 
microbial engineering or by selection of appropriate culture 
conditions. 

REFERENCES 

Abel G, Czop jK., 1992. Stimulation ofhuman monocyte fl-glucan 
receptors by glucan particles induces production of TNF-cx and 
IL-11l. InwnatiOllaljournal oflmmullopnannacology 14: 1363-1373. 

Acton SL, Scherer PE, Lodish HF, Krieger M, 1994. Expression 
doning of SR-BI.a CD36-related class B scavenger receptor. 
journal of Biological Chemistry 269: 21003-21009. 

Adachi Y,Ishii T. Ikeda Y. Hoshino A, Tamura H, Aketagawa], 
TanakaS, Ohno N,2004.Characterization of IJ-glucanrecognition 
site on C-type lectin, dectin l.lnfrction and Immunity 72: 4159-4171. 

Allendorf D), Yan ], Ross GD, Hansen RD, Baran ]T, Subbarao K, 
Wang L, Haribabu B, 2005. C5a-mediated leukotriene M
amplified neutrophil chemotaxis is essential in tumor immu
notherapy facilitated by anti-tumor monoclonal antibody 
and /l-g1ucan. journal of Immunology 174: 7050-7056. 

Am Y, Saito T, Takagi T, Hagiwara E, Miyagi Y, Sugiyama M, 
Kawamoto S, Ishii N, Yoshida T, Hanashi D, Koshino T, 
Okada H, Okuda K, 2001. Zymosan enhances the immune 
response to DNA vaccine for human immunodeficiency virus 
type-1 through the activation of complement system. Immu
nolDgy 103: 98-105. 

Ariizumi K, Shen GL, Shikano S, Xu S, Ritter 3rd R,Kumamoto T, 
'Edelbamn D, Morita A, Berg;;tresser PR, Takashima A, 2000. 
Identification of a novel,. dendritic cell-associated molecule, 
dectin-I, by subtractivE!'eDNA cloning.]cuma1 qf Biological 
Chemistry 275: 20157-20167. 

Arruda C, F=ME, Kashino Ss, Nascimento FR, Fazioli Rdos A, 
Vaz CA, Russo M. Calich VL, 2002. Interleukin-12 protects mice 
against disseminated infection caused by Paracocddicides 
bmsiliensis but enhances pulmonary inflammation. Clinical 
Immunology 103: 185--195. 

Assanasen C, Mineo C, Seetharam D, Yuhanna IS, Marcel YL, 
Connelly MA, Williams OL, de la Llera-Moya M, Shaul PW, 
Silver DL,2005. Cholesterol binding, efflux, and a PPZ
interacting domain of scavenger receptor-BI mediate OOL
initiated signaling. journal of Clinical Investigation 115: 969-977. 

Berner MD, Sura ME, Alves BN, Hunter KW jr , 2005. 1fN-gamma 
primes macrophages for enhanced TNF-cx expression in re
sponse to stimulatory and non-stimulatory- amounts of 
microparticulate tl--giucan. ImmlmOlogy 1.ettJzTs 98 : 115--122. 

Beutler B, Cerami A, 1989. The biology of c:a.chectinlTNF~a 

primary mediator of the- host response. A1l71uul Review of 
ImmunolDgy 7: 625-655. 

Borchers AT, Keen CL, Gershwin ME,2004. Mushrooms, tumors, 
and immunity: an update. Experimental Biology and Metlictrte 
(Maywood) 229: 393-406.. 

Brown GD, 2006. Dectin-f: a signalling non-TIR pattern-recogni
tion receptor. Nature ReviewsImmunology 6: 33-4:3. 

Brown GD, Gordon S, 2001- Immune recognition.. A new receptor 
for /l-glu.eans. Nature 413: 36--3.7. 

Brown GD, Gordon S, 2005. Immune recognition of fungal 
l}-g1ucans. Cellular Microbiology 7: 471-479. 

Brown GO, Taylor PR, Reid OM, Willment ]A, Williams OL, 
Martine:z-Pomares L, Wong SY, Gorrlon S, 2002. Pectin-1 is 
a major /l-glu= receptor on macrophage>.. journal qf Experi
mental M€didne 196: 407-412. 

Calieh VL, Vaz CA, Bmger '. 199a. Immunity to Parococcfdiaides 
brasiliensis infection. Resewrn in rmmurwlDgy 149: 407-417 
discussion 499-500. 

Chesterman H, Heywood R, Allen TR, Street AE, Edmondson NA, 
Prentice DE, 1981. 'rhe intravenous toxicity of lentinan to the 
beagle dog. Toxicology Letters 9: 87-90. 

Cheung NK. Modale S, 2002. Oral (1->3},(1->4}+O-glucan 
synergizes with antiganglioside GD2 monoclonal antibody 3F8 
in the therapy of neuroblastoma. Clinical Cancer Researcn 8 : 
1217-1223. 

Cheung NK, Modak S, Vickers A, Knuckles B, 2002. Orally 
administered fl-glucans enhance anti-tumor effects of 
monoclonal antibodies. Cancer Immunology. Itnmunotflempy 
51: 557-564 . 

de la Rosa G, Yanez-Mo M, Samaneigo.R, Serrano-Gomez D, 
Martinez-Munoz L, Fernandez-Ruiz E, Longo N, Sanchez
Madrid F, Gorbi AL, Sanchez-Mateos P, 2005. Regulated 
recruitment of DC-SIGNto cell-cell contact regions during 
zymosan-induced human dendritic C1'!1l aggregation.jotrrncl 
ofLeullOcyte Biology 77: 699-709. 

Demleitner S, Kraus ], Franz G, 1992. Synthesis and anti-tumour 
activity of sulfoalkyl derivatives of curdIan and lichenan. 
Car1xJnydrate Research 226: 247-252 . 

Di Luzio NR, Williams DL,McNamee Rll, Edwards HF, Kitllhama A, 
1979. Comparative tumor-inhibitory- and anti-bacterial 
activity of soluble and particulate gluean. International 
journal qf Cancer 24: 773-779. 

Di Luzio NR, Williams PL, McNamee RB, Malshet VG, 1980. 
Comparative evaluation of the tumor inhibitory and antibac
terial activity of solubilized and particulate gluean. Recent 
REsults in Cancer Researcn 75: 165-172. 

Diniz SN, Nomizo .R, Cisalpine PS, Teixeira MM, Brown GD, 
MantovaniA, Gordon S. Reis Lt', Dias AA. 2004. PTX3 function 



648 1.Chen, R. Seviour 

as an opsonin for the dec;:tin-l-dependent internalization of 
zymosan by macrophages. Journal ofLeukocyte Biology 75: 
649-656. 

Drandarska I, Kussovski V, Niko1aeva 5, Markova N, 2005. Com
bined immunomodulating effects of BCG and Lentinan after 
intranasal application in guinea pigs. Intemationallmmuno
pharmacology 5: 79S-S03. 

Du Z, Kelly E, Meck1enbrauker I, I\.gleL, Herrero C, Palk P,
 
Ivashkiv LB, 2006. Selective regulation ofIL-l0 signaling and
 
function by zymosan. journal ofImmunology176 : 478s-4792.
 

Duenas AI, I\.ceves M, Orduna A, Diaz R, Sanchez CI"espoM, 
Garcia-Rodriguez C, 2006. Francisella tularensis LPSinduces the 
production of cytokines in human monocytes and signals via 
toll -like receptor 4 with much lower potency than E. coli LPS. 
International Immunology18: 785-795. 

Engering A, Geijtenbeek TH, van Vliet S], Wijers M, van Liempt E, 
Demaurex N, Lanzavecchia A, Fransen J, Figdor CG, Piguet V, 
van Kooyk Y, 2002. The dendritic cell -specific adhesion 
receptor DC-SIGN internalizes antigen for presentation to 
T cells. Journal ofImmunology168 : 2118-2126. 

Evans st, Hahn P'Y, McCann F, Kottom TJ, Pavlovic ZV,Limper AH , 
2005. Pneurnocystis cell wall rJ-glucans stimulate alveolar 
epithelial cell chemokine generation through nuclear factor
kappaB-dependent mechanisms. AmericanJournal ofRespira
tory Cellular and MolecularBiology 32: 490-497. 

Falch BH, Espevik T, Ryan L, Stokke BT, 2000. The cytokine 
stimulating activity of (1~ 3)-rJ-D'glucans is dependent 
on the triple helix conformation. Carbohydrate Research 329: 
587-596 . 

Gantner BN, Simmons RM, Can avera SJ, Akira S, Underhill OM, 
2003. Collaborative induction of inflammatory responses by 
dectin-1 anntoll -like receptor 2. Journal ofExperimenttlI Medicine 
197: 1107-1117. 

Gantner EN, Simmons RM, Underhill DM, 2005.Dectin-1 mediates 
macrophage recognition of Candida ulbicons yeast but not 
filaments. The EMBOJournal 24: 1277-1286. 

Garcia -Lora A, Martinez M, Pedrinaci S, Garrido F, 2003. Different 
regulation ofPKC isoenzymes and MAPKby PSK and IL-2 in 
the proliferative and cytotoxic activities of the NKL human 
natural killer cell line. Cancer Immunology, Immunotherapy 52 ; 
5~. 

Garcia-Lora A, Pedrinaci S, Ganido F, 2001. Protein-bound poly
saccharide K and interleukin-Z regulate different nuclear 
transcription factors in the NKL human natural killer cell line. 
Cancer rmmunology, Immunotherapy: ClI 50: 191-198. 

Gomaa K, Kraus J, Rosskopf F, Roper H, Franz G, 1992. Antitumour 
and immunological activity of a III~ 3/1-->6 glucan from 
GlomerelIa cingl.(lata. Journal ofCancer Resell.l"ch and Clinical 
OJJcology 118: 136-140. 

Gordon M, Bihari B, Goosby E, Gorter R, Greco M, Guralnik M, 
Mimura T, RudinicJd V, Wong R, Kaneko Y, 1998. A placebo
controlled trial of the immune modulator, lentinan, in 
HN-positive patients: a phase YTI trial journal of Medicine 
:29: 305-330. 

Gordon M, Guralnik M, Kaneko Y, Mimuza T, Goodgame J, 
DeMarzo C, Pierce D, Baker M, Lang W, 1995. A phase II 
controlled study of a combination of the immune modulator, 
lentinan, with didanosine (ddI) in HIV patients w1th CD4 
cells of 200-500 mm-3. journal of Medicine 26: 193-207. 

Greenwald P, Clifford GK, Milner JA, 2001. Diet and cancer 
prevention. European journal tifCancer 37: 948-965 . 

Gross 0, Gewies A, Finger K, Schafer M, Sparwasser T, Peschel C, 
Forster I, Ruland ], 2006. Card9 controls a non-TLR signalling 
pathway for innate anti-fungal immunity. Nature 442: 
651-656. 

Grunebach F, Wed: MM, Reichert J, Brossart P, 2002. Molecular 
and functional characterization of human dectin-i. Experi
mental Hematology 30: 1309-1315. 

Gu YR, Takagi Y, Nakamura T, Hasegawa T, Suzuki I, Oshima M, 
Tawaraya H, Niwano Y, 2005. Enhancement ofradioprotection 
and anti-tumor immunity by yeast-derived JJ--g1ucan in mice. 
Journal ofMedical Food 8 : 154--158. 

Hagiwara SY, Takahashi M, Shen Y, Kaihou S, Tomiyama T, 
Yazawa M, Tarnai Y, Sin Y, Kazusaka A, Terazawa M, 2005. 
A phytochemical in the edible Tarnogi-take mushroom 
[Pleurotus cornucopiae), Dvmannitol, inhibits I\.CE activity 
and lowers the blood pressure of spontaneously hyperten
sive rats. Bioscience, Biotechnology and Biochemistry 69: 
1603-1605. 

Hahn PY,Evans SE,Kottom TJ, Standing JE, Pagano RE,Limper AH, 
2003. Pneurnocystiscariniicell wall tJ-glucan induces release of 
macrophage inflammatory protein-2 from alveolar epithelial 
cells via a lactosylceramide-mediated mechanism. journal of 
BIological Chemistry 278: 2D43-20SO. 

Harada T, Miura NN, Adachi Y, Nakajima M, Yadomae T, Ohno N, 
2002. 1fN-gamma induction by SCG, l,3-Il-D-glucan from 
Sparassis crispn, in DBN2 mice in vitro. Journal of Intl!Tferon and 
CytokineResearch 22: U27-1239 . 

Harrison LM, van Haaften WC, Tesh VI., 2004. Regulation of 
proinfl.ammatory cytokine expression by Shiga toxin 1 and/or 
Iipopolysaccharides in the human monocytic cell line THP-1. 
Infectionand Immunity 72: 2618-2627. 

Hennanz-Falcon P, Aree I, Roda-Navarro P, Fernandez-Ruiz E.. 
2001. Cloning of human DECTIN-l, a novel C-type lectin-like 
receptor gena expressed on dendritic cells. Immunogenetics 53: 
288-295. 

Herre J, Gordon S, Brown GD, 2004a. Dectin-1 and its role in
 
the recognition of rJ-glucans by macrophages. Molecular
 
Immunology 40: 869-876.
 

Herre J, Willrnent JA, Gordon S, Brown GD, 2004b. The Tole of 
dectin-l in antifungal immunity. Critical1l.euiew tifImmunology 
24: 193-203. 

Hetland G, Ohno N, Aaberge IS, Lovik M, 2000. Protective effect 
of ~ -glucan against syste mic Streptococcus pneumonfue infec
tion in mice. FEMS Immunology and Medical MicrObiology 27: 
111-116. 

Hobson RP, Munro CA, Bates S, MacCallum DM, Cutler JE, 
Hein sbroek SE, Brown GD, Odds FC, Gow Nil., 20Qll. Loss of cell 
wall mannosylphosphate in Canclld£l £l!bicans does not influ
ence macrophage recognition. journ(ll ofBiological Chemistry 
279: 39628-39635. 

Hohl TM, Van Epps HL, Rivera A, Morgan LA, Chen PL, 
Feldmesser M, Pamer EG, 2005. Aspetgillus fumigatus triggers 
inflammatory responses by stage-specific 13-glucandisplay. 

< PLoS Pathogens 1: e3O. 
Hong F, Yan J, Baran Tl', Allendorf Dl, Hansen RD, Ostroff GR, 

Xing PX, Cheung NK, Ross GD, 2004. Mechanism by which 
orally administered 1l-1,3-g1ucans enhance the tumoricidal 
activity of antitumor monoclonal antibodies in murine tumor 
models. Journal of Immu1lology 173 : 797--806. 

1to K, Nakazato H, Koike A, Takagi H, Saji S, Baba S. Mai M, 
Sakamoto J, Ohashi Y, 2004. Long-term effect of 5-fluorouracil 
enhanced by intermittent administration of polysaccharide K 
after curativs resection of colon cancer. I\.randomized 
controlled trial for 7-year follow-up. International Journal of 
Colorectal Diseases 19: 157-164. 

Iwabuchi K, Nagaoka I, 2002. Lactosykeramide-enrIched glyco
sphin golipid signaling domain mediates superoxide genera
tion from human neutrophils. Blood 100: 1454-1464 . 

Iamois f, Ferrieres V, Guegan)p, Yvin ]C, Plusquellec D, 
vetvicka V, 2005. GIucan-like synthetic oligosaccharides: 
iterative synthesis of linear oligo-I3-(l,3) -glucans and 
immunostimulazory effects. Glycobiology 15: 393--407. 

Jayus, McDougall BM, Seviour N, 2004. Purification and 
characterization of the (1~ 3)-rJ-glucanases from Acremanium 
sp . 1M! 383068. FEMS Microbiological Letters 230: 259-264. 



649 Medicinal applications of fungal glucans 

Johnson J], Kirkwood A, Misald A, Nelson T, Scalettie J, smith F, 
1963. Structure of a new gluean. Chemistry lndustry . (London) 
41 : B2Q-822. 

Jung K, Ha Y, Ha SK, Han DU, Kim DW, Moon WK Chae C, 2004. 
Antiviral effect of Saccharomyces cereuisiae Jl-glucan to swine 
influenza virus by increased production of interferon-gamma 
and nitric made. Journal ofVeteri11ary Medicine Series B l1ifectious 
Diseases and Veterinary Public Health 51: 72-76. 

Kabir Y, Kimura S, 1989. Dietary mushrooms reduce blood 
pressure in spontaneously hypertensive rats (SHR). Journal oj 
Nutritional Science and Vitaminology (Tokyo) 35: 91-94. 

Kabir Y, Yamaguchi M, Kimura S, 1987. Effect of shiitake (l.entinllS 
edodes) and maitake (GrijiJlafrondosa) mushrooms on blood 
pressure and plasma lipids of spontaneously hypertensive 
rats. Joumal oj Nutritional Science and Vitaminology (Tokyo) 33: 
341-346. 

Kaiser AB, Kernodle DS, 1998. Synergism between poly-(l-6)-Il
D-glucopyranosyl-{1-3)·Jl·D-glucopyranose glucan and cefa
zolin in prophylaxis of staphylococcal wound infection in 
a guinea pig modeL Antimicrobial Age7lts and Chemotherapy 42: 
2449-2451 . 

Kakumu S, Ishikawa T, Wakita T, Yoshioka K, Ito Y, Shinagawa T, 
1991. Effect of sizofiran, a polysaccharide, on interferon 
gamma, antibody production and lymphocyte proliferation 
specific for hepatitis Eo virus antigen in patients with chronic 
hepatitis B. International Journal of Immunopharmacology 13: 
969-975 . 

Kanazawa M. Mon Y, Yoshihara K, Iwadate M, Suzuki S, Endoh Y, 
Ohki S, Takita. K, Sekikawa K, T'akenoshita S, 2004. Effect 
of PSK on the maturation of dendritic cells derived from 
human peripheral blood monocytes. lmmWlologicall.etters 91: 
229-238. 

Kanse SM, Matz RL, Preissner KT, Peter K, 2004. Promotion of 
leukocyte adhesion by a novel interaction between vitronectin 
and the fl2 integrin Mae--1 (aMJl2, CD11b/CD1B) . Arteriosclerosis, 
Thrombosis, and Vascular Biology 24: 2251-2256. 

Kataoka K, Muta T, Yamazaki 5, Takeshige K, 2002. Activation of 
macrophages by linear (1---> 3)·fl-D-glucans. lmpliations fur the 
recognition of fungi by innate immunity. Journal oj Biological 
Chemistry 277 : 36825-36831. 

Kawai T, Takeuchi 0, Fujita T, Inoue J, Muhlradt PF, Sato 5, 
Hoshino K, Akira 5, 2001. Lipopolysaccharide stimulates 
the MyD88-independemt pathway and results in activation of 
IFN-regulatory factor 3 and the expression of a subset of 
lipopclysaccharide-inducible genes. Journal oj Immunology167: 
5887-5894. 

Kernodle DS, Gates H, Kaiser AB, 1998. prophylactic anti-infective 
activity of poly-[1-6j-P-D-glucopyranosyl-[1-3]-/l-D-glucoprya
nose glucan in a guinea pig model of staphylococcal wound 
infection. Antimicrobial Agents and Chemotherapy 42: 545-549. 

Kiho T, Kobayashi T, Morimoto H, Usui S, Ukai S, Hirano K, 
Aizawa K, lnakuma T, 2000. Structural features of an anti-di
abetic polysaccharide (TAP) from TremeUa aurantia. Chemical 
and Pharmaceutical Bulletin (Tokyo) 48: 1793-1795. 

Kiho T, Matsushita M, Usui 5, Ukai S, 1998. Biological activities of 
(1 ...... 3)·/l·D-glucans with reducing glucose side chains. Biosci
ence, Biotechnology and Biochemistry 62: 57G-572. 

Kiho T, Morimoto H, Sakushima M, usui S, Ukai S, 1995. Poly
saccharides in fungi. XXXV. Anti diabetic activity of an acidic 
polysaccharide from the fruiting bodies of Tremella atuantia. 
Biclogical aJld Pharmaceutical Bulletin 18: 1627-1629. 

Kikumoto SMT, Kimura K, 1971. Polysaccharide produced by 
Schizophyilumcommune. Part II. Chemical structure of an 
extracellular polysaccharide. Journal oj Agricultural and 
Chemical SocietyJapaJl 45: 162-168 . 

Kim YW, Kim KH, Choi HI, l.ee DS, 2005. Anti-diabetic activity of 
/l-glucans and their enzymatically hydrolyzed oligosaccha
rides from Agaricus blazei. Biotechnologicall.etrers 27: 483-487 . 

Kishida E, Sone Y, Misalri A, 1989. Purification of an antitumor
active, branched {1---> 3)·/l-D-glucan from VoluarieIJa uoluacea, 
and elucidation of its fine structure . Carbohydrate Research 193: 
227-239. 

Klis FM, de Groot P, Hellingwerf K, 2001.Morecular organization of 
the cell wall of Candida albicans . MedicalMycology 39: 1-B . 

Kobayashi H, Matsunaga K, Oguchi Y, 1995. Antimetastatic effects 
of PSK (Krestin), a protein-bound polysaccharide obtained 
from basidiomycetes: an overview. Cancer Epidemiology. 
Bicmarirers and Preuention 4: 275-2B1. 

Kobayashi H, Yoshida R, Kanada Y, Fukuda Y, Yagyu T, Inagaki K, 
Kondo T, Kurita N, Suzuki M, Kanayama N, Terao T, 2005. 
Suppressing effects of daily oral supplementation of /l-glucan 
extracted from Agilricus blazei MIU111 on spontaneous and 
peritoneal disseminated metastasis in mouse model Joumal oj 
CancerResearch and ClinicalOncology 131: 527~538. 

Kourn ikakis Eo, Mandeville R, Brousseau P, Ostroff G, 2003.
 
Anthrax-protective effects of yeast /l1 ,3 glucans. Medscape
 
GmleralMedicine 5: 1.
 

Kukan M. Szatmary Z, Lutterova M, Kuba D, Vajdova K, Horecky J, 
2004. Effects of sizofiran on endotoxin-enhanced cold ische
mia-reperfusion injury of the rat liver. Physiological Research 
53: 431-437. 

Kurashige S. Akuzawa Y, Endo F, 1997. Effects of Lentinus edodes, 
GrijiJla frondosa and Plenrotus ostreutus administration on can
cer outbreak, and activities of macrophages and "lymphocytes 
in mice treated with a carcinogen, N-butyl·N-butanolnitroso-
amine. Immunopharmacology and Imm~oroxicology 19: 175-183. 

Ladanyi A, Timar 1. Lapis K, 1993. Effect of lentinan on macro 
phage cytotoxicity against metastatic tumor cells. Cancer 
ImmWlology and Imm~nofuerapy 36: 123-126. 

LapaqueN, Takeuchi 0 , Corrales F, Akira S, Moriyon I, Howard K, 
Gorvel]p, 2006. Differential inductions ofTNF-a. and lGTP, IlGP 
by structurally diverse classic and non-classic lipopolysac
charides. CellMicrobiology 8: 401-413 . 

Lebron F, Vassallo R, Puri V, Limper AH, 2003. Pneumocystis carin[i 
cell wall ~-glucans initiate macrophage inflammatory 
responses through NF-kappaB activation. Journal oj Biological 
Chemistry 278 : 25001-25008. 

l.eung PH, Zhang Q,X, Wu JY, 2006. Mycelium cultivation, chemical 
composition and antitumour activity of a TolypocJadium sp, 
fungus isolated from wild Cordycepssinensis. Journal of Applied 
Microbiology 101: 275-283. 

l.i B, Allendorf DJ, Hansen R, Marroquin J, Ding c, Cramer DE, 
Yan J, 2006. Yeast fl-glucan amplifies phagocyte killing ofiC3b
opsonized tumor cells via complement receptor 3-Syk-phos
phatidylinositol3-kinase pathway. Journal of Immunology177 : 
1661-1669. 

Liang j , Melican D, Cafro 1.,Palace G, Fisette I,., Armstrong R, 
Patchen M1., 1998. Enhanced clearance of a multiple antibiotic 
resistant Staphylococcusaureus in rats treated with PGG-gIucan 
is associated with increased leukocyte counts and increased 
neutrophil oxidative burst activity. Intlmlational]ournal oj 
lmmunopharmllcology 20: 595-614. 

Lindequist U, Niedermeyer TH, Iulich WO, 2005. The	 pharmaco
logical potential of mushrooms. Euidence Based Complementary 
and Alternative Medicine 2: 285-299. 

1.0 HC, Tsai FA, Wasser $P, yqngJG, Huang BM, 2006. Effects of 
ingested fruiting bodies, submerged culture biomass, and 
acidic polysaccharide glucuronoxylomannan of Tremella mes
enterica Retz..:fr. on glycemic responses in normal and diabetic 
rats. l.ift! Science 78: 1957-1966. 

Lucas EH, Byerrum RU, Clarke DA, ReiJly He, Stevens JA, 
Stock ce. 1958. Production of oncostatic principles in vivo and 
in uitro by species of the genus Calvatfa. Antibiotics Annual 6: 
493-496 . 

Mantegazza AR,Barrio MM, Moutel S, Bover L,Week M, Brossart P, 
Teillaud JL, Mordoh J, 2004. CD63 tetraspanin slows down cell 



650 J. Chen, R Seviour 

migration and translocates to the endosomal-Iysosomal
MIlCs route after extracellular stimuli in human immature 
dendritic cells. Blood 104: 1183-1190. 

Markova N, Kussovski V, Drandarska 1. Nikolaeva 5, Georgieva N, 
Radoucheva T, 2003. Protective activity of Lentinan in experi
mental tuberculosis . International Immunophannacology 3: 
1557-1562. 

Markova N, Michailova L, Kussovski V. Jourdanova M.
 
Radoucheva T, 2005. Intranasal application of lentinan en

hances bactericidal activity of rat alveolar macrophages
 
against Mycobacterium tuberculosis. Phannazie 60: 4.2-48.
 

Marshall AS, Willment JA, tin HH, Williams OL, Gordon S.
 
Brown GO, 2004. Identification and ch ar acteriz ation of
 
a novel human myeloid inhibitory c -type lectin-like
 
receptor (MICL) that is predominantly expressed on
 
granulocytes and monocytes. Journal of Biological Chemistry
 
279 : 14792-14802. 

Martin KL, McDougall BM, Unkles sr, SeviotlT RJ, 2006. The three 
P-l,3-glucanases from Acremonium blochii strain C59 appear to 
be encoded by separate genes. Mycological Research 110: 66-74. 

Mayell M, 2001. Maitake extracts and their therapeutic potential. 
Alternative Medicine Relliew 6: 4!H:i0. 

Mclntosh M, Stone EA, Stanisich VA, 2005. Curd Ian and other
 
bacterial (1..... 3)-t\-D-glucans. Applied Microbiology and Biotech

nology 68: 163-173.
 

Mineo C. Yuhanna IS, Quon MJ. Shaul PW, 2003. High density 
lipoprotein-induced endothelial nitric-oxide synthase 
activation is mediated by Akt and MAP kinases. Journal of 
Biological Chemistry 278: 9142-9149. 

Misaki A, Kakuta M, Sasaki T, Tanaka M, Miyaji H, 1981. Studies 
on interrelation of structure and antitumor effects of poly
saccharides: antitumor action of periodate-rnodified, 
branched (1..... 3)-Il-D-glucan of Auri!:ulrrria auricula-judae, and 
other polysaccharides containing (1..... 3)-glycosidic linkages. 
Carbohydrate Research 92: 115-129. 

Misaki A, Kawaguchi K, Miyaji H, Nagae H, Hokkoku S, Kakuta M, 
Sasaki T, 1984. Structure of pestalotan, a highly branched 
(1 --+3)-Il-n-glucan elaborated by Pestalotia sp. 815. and the 
enhancement of its antitumor activity by polyol modification 
of the side chains. Carbohydrate Research 129 : 209-227. 

Mitamma T, Sakamoto 5, Suzuki 5, Yoshimura 5, Maemma M, 
Kudo H, 2000. Effects of lentinan on colorectal carcinogen
esis in mice with ulcerative colitis . Oncology Reports 7: 
599--601. 

Miyazaki T, Oikawa N, Yadomae T, Yamada H, Yamada Y, 
Hsu HY, jto H, 1979. Relationship between the chemical 
structure and anti-tumour activity of glucans prepared from 
Grifara umbellata, Carbohydrate Research 69: 165-170. 

Mizuno M, Minato K, Ito H, Kawade M, Terai H, Tsuchida H, 1999. 
Anti-tumor polysaccharide from the mycelium of liquid
cultured Agaricus blazei mill. Biochemistry and MoleCularBiology 
international 47: 707-714. 

Modak S, Koehne G, Vickers A, O'Reilly RJ, Cheung NK, 2005. 
Rituximab therapy of lymphoma is enhanced by orally 
administered (1..... 3),(1.....4)-O-p·glucan. Leukaemia Research 29: 
679~83 . 

Mueller A, Raptis J, Rice PJ, Kalbfleisch JH, Stout RD, Ensley HE, 
Browder W, Williams PL, 2000. The influence of glucan poly
mer structure and solution conformation on binding to (1..... 3)
t\-O-glucan receptors in a human monocyte-like cell line. 
Glycobiology 10: 339-346. 

Munemoto Y, lida Y, Abe J, Saito H, Fujisawa K, Kasahara Y, 
Mitsui T, Asada Y, Miura S, 2002. Significance of postoperative 
adjuvant Immunochemotherapy after curative resection of 
colorectal cancers: association between host or tumor factors 
and survival, International Journal qfOncol09Y 20: 403-411. 

Munz C, Steinman RM, Fujii S, 2005. Dendritic cell maturation by 
innate lymphocytes: coordinated stimulation of innate and 

adaptive immunity. Journal qf Experimental Medicine 202: 
203-207. 

Mushiake H, Tsunoda T, Nukatsuka M, Shimao K, Fukushima M, 
Tahara H, 2005. Dendritic cells might be one of key factors for 
eliciting antitumor effect by chemoimmunotherapy in vivo. 
Cancer Immunology and Immunotherapy 54: 120-128. 

Nakano H, Namatame K, Nernoto H. Motohashi H, Nishiyama K, 
Kurnada K, 1999. A multi-institutional prospective study of 
lentinan in advanced gastric cancer patients with unresect
able and recurrent diseases: effect on prolongation of survival 
and improvement of quality of life. Kanagawa Lentinan 
Research Group. Hepatogastroentetolo9)' %: 2662-2668. 

Nakazato H, Koike A, Saji S, Ogawa N, Sakamoto J, 1994. Efficacy 
of immunochemotherapy as adjuvant treatment after 
curative resection of gastric cancer. Study Group of lmmuno
ch emotherapy with PSK for Gastric Cancer. Lancet 343: 1122
1126. 

Nam SW, Park JY, Ramasamy A, Shevade S, Islam A, Long PM, 
Park CK, Park SE, Kim SY, Lee SH, Park WS, Yoo NJ, Liu ET, 
Miller Ln, Lee JY, 2DOS. Molecular changes from dysplastic 
nodule to hepatocellular carcinoma through gene expression 
profiling. HqJarology 42: 809-818. 

Netea MG, Cow NA, Munro CA, Bates 5, Collins C, Ferwerda G, 
Hobson RP, Bertram G, Hughes HB, Jansen T, Jacobs L, 
Buurman ET. Gijzen K, Williams PL, Torensma R McKinnon A, 
MacCallum DM, Odds FC, Van der Meer TW, Brown /IJ, 
Kullberg BJ, 2006. immune sensing of Candida albicans requires 
cooperative recognition of mannans and glucans by lectin and 
toll-like receptors. Journal of Clinical Investigation 116: 
1642-1650. 

Nicolosi R Bell SJ, Bistrian BR, Greenberg I, Forse RA. 
Blackburn GL, 1999. Plasma lipid changes after supplementa· 
tion with Il-glucan fiber from yeast. American Journal of Clinical 
Nutrition 70: 208-212. 

Nilsson 5, Norlen B], Widmark A, 2004. A systematic overview of 
radiation therapy effects in prostate cancer. Acta Oncology 43 : 
316-381. 

Ohwacla S, Ikeya T, Yokomori T, Kusaba T, Roppongi T, 
Takahashi T, Nakamura 5, Kakinuma S, Iwaza};i S,lshikawa H, 
Kawate 5, Nakajima T, MoriBJrita Y, 2004. Adjuvant immune
chemotherapy with oral tegafur/uracil plus PSK in patients 
with stage II or ill colorectal cancer: a randomised controlled 
study. British Journal of Cancer 90: 1003-1010. 

Okamoto T, Kodoi R Nonaka Y, Fukuda I, Hashimoto T, 
Kanazawa K, Mizuno M, Ashida H. 2004. Lentinan from shii 
take mushroom (Lentinus edodes) suppresses expression of 
cytochrome P450 lA subfamily in the mouse liver. Biqfacttrrs 
21 : 407-409. 

Ozinsky A, Underhill DM, Fontenot]D, Hajjar AM, Smith KD, 
Wilson en,Schroeder L, Aderem A, 2000. The repertoire for 
pattern recognition of pathogens by the innate immune sys
tem is defined by cooperation between toll -like receptors. 
Proceedings of the National Acadamy ofSciences USA 97: 
13766--13771. 

Palma AS. Feizi T, Zhang Y, Stoll MS, Lawson AM, Diaz
Rodriguez E, Campanero-Rhodes MA, Costa J, Gordon S, 
Brown GD, Chai W, 2001i. Ligands for the Il-glucan receptor, 
Dectin-I, assigned using 'designer' microarrays of oligosac
charide probes (neoglycolipids) generated from glucan poly
saccharides. Journ"l oJ BioJ09icl11 Chemistry 281 : 5771-5779. 

pelizon AC, Kaneno R Soares AM, Merra DA, Sartori A, 2005. Irn 
munomodulamry activities as sociated with Il-glucan derived 
from Saccharomyces cerevisiae. Physiological Research 54: 
557-564. 

Pitson SM, Seviour RI, McDougall BM, 1996a. Proteolytic inacti
vation of an extracellular (1..... 3}-Il-glucanase from the fungus 
Acremonium persictnum is associated with growth at neutral or 
alkaline medium pH . fEMS MicrobiologyLetters :l4S: 287-293. 



651 Medicinal applications of fungal glucans 

Pitson SM, Seviour RJ,McDougall BM, Stone BA, Sadek M, 1996b. 
Purification and characterization of an extracellular (1- , 6)-P
glucanase from the filamentous fungus Aaemonium persici
num . BiochemicalJoumal 316 : 841-846. 

Portera CA, Love EJ,Memore L, Zhang L, Muller A, Browder W, 
Williams DL, 1997. Effl!ct of macrophage stimulation on col
lagen biosynthesis in the healing wound. American Surgery 63: 
125-131. 

Rezende MI, Barbosa AM, Vasconcelos AF, Haddad R., Dekker RF, 
2005. Growth and production of laccases by the ligninolytic 
fungi, Pleurctus ostreatus and Botryosphaeria modina, cultured 
on basal medium containing the herbicide, Scepter [imaza
quin). Journal ofBasic Microbiology 45: 460--469. 

Rice PJ, Kelley JL, Kogan G, Ensley HE, Kalbfleisch JB, Browder rw, 
Williams DL, 2002. Human monocyte scavenger receptors are 
pattern recognition receptors for (1 ..... 3)-Il-D-glucans. Journal of 
Leukocyte Biology 72: 140-146. 

Roeder A, KITschning C], Rupec RA, Schaller M, Weindl G, 
Korting HC, 2004. Toll -like receptors as key mediators in 
innate antifungal immunity. Medical Mycology 42: 4S5-498. 

Rogers NC, S1ack EC, Edwards AD, Nolte MA, Schulz 0 ,
 
Schweighoffer E, Williams Dl., Gordon S, Tybulewicz VL,
 
Brown GD. Reis e Sousa C, 2005. Syk-dependent eytokine
 
induction by Deetin-1 reveals a novel pattern recognition
 
pathway for C type lectins. Immunity 22: 507-517.
 

Ross GD, 2000. Regulation of the adhesion versus cytotoxic 
functions of the Mae-1JClG/lZMP2-integrin glycoprotein. 
Critical Review of Immunology 20 : 197-222. 

Saijo S, Fujikado N, Furuta T, Chung SH, Kotaki H, Seki K, Sudo K, 
Akira S, Machi Y, Ohno N, Kinjo T, Nakamura K, Kawakami K, 
IwaJrura Y, 2007. Dectin-1 is required for host defense against 
Pneumocystis carinii but not against Candida albicans. Nature 
Immunology 8: 39-46. 

Sakamoto J, Morita S, Oba K, Matsui T, Kobayashi M, Nakazato H, 
Ohashi Y, 2006. Efficacy of adjuvant immunochemotherapy 
with polysaccharide K for patients with curatively resected 
colorectal cancer: a meta-analysis of centrally randomized 
controlled clinical trials. CancerImmunology and Immunotherapy 
55: 404-411. 

Sasaki T, Takasuka N, 1976. Further study of the structure of 
lentinan, an anti-tumor polysaccharide from Lentinus edodes. 
Carbohydrate Research 47: 99--104. 

Sato M, Sapo H, ]waki D, Kudo K, Konishi M, Takahashi H, 
Takahashi T, Irnaizumi H, Asai Y, Kuroki Y, 2003. Direct 
binding of 'toll-like receptor 2 to zymosan, and zymosan
induced NF-kappa B activation and TNF-<l secretion are 
down-regulated by lung coDectin surfactant protein A. Journal 
of Immunology 171: 417-425. 

Schmid F. Stone RA, McDougall BM, Bacic A, Martin KL, 
Brownlee RT, Chai E, Seviour RI, 2001. Structure of epiglucan, 
a highly side-chain/branched (1-+3;1 ... 6} -~ -glucan from the 
micro fungus Epicoccumnigrum Ehrenb. ex Schlecht. Carbohy
drate Research 331: 163-171 . 

SeIbmann L, Crognale S, Petruccioli M, 2004. B-glucan production 
by Botryosphceria rhodina in different bench-top bioreactors. 
Journal of Applied Microbiology 96: 1074-1081. 

Serrano-Gomez D, Dominguez-Soto A, Ancochea J, Jimenez
Heffernan JA, Leal ]A, Corbi AL, 2004. Dendritic cell-specific 
intercellular adhesion molecule 3-grabbing nonintegrin me
diates binding and internalization of Aspergilll1S fumigrrtus 
conidia by dendritic cells an d macrophages, Journal ofImmu
nology 173: 5635-5643. 

Seviour N, Stasinopoulos $], Auer DPF, 1992. Production of pul
Iulan and other exopolysaccharides by filamentous fungi 
Critical Reuiews in Biotechnology 12: 279-298 . 

Sier CF, Gelderman KA, Prins FA, Gorter A, 2004. B-g1ucan 
enhanced killing of renal cell carcinoma micrometastases by 

monoclonal antibody G250 directed complement activation. 
International Journal ofCancer 109: 90D-908. 

Sionov E, Mendlovic S, Segal E, 2005. Experimental systemic 
murine aspergillosis: treatment with polyene and caspofungin 
combination and G-CSF. Journal ofAntimicrobials and Chemo
therapy 56: 594-597. 

Sporn ME, Liby KT, 2005. Cancer chemoprevention: scientific
 
promise, clinical uncertainty. Nature Clinical Practice and
 
Oncology 2: 518-525 .
 

Steele C, Marrero L, Swain S, Harmsen AG, Zheng M, Brown GD, 
Gordon 5, Shellito ]E, Kalis JI(, 2003. Alveolar macrophage
mediated killing of Ptieumocystis carinii f. sp . muris involves 
molecular recognition by the dectin-l Il-glucan receptor, Jour 
nal of Experimental Medicine 198 : 1677-1688. 

Steluti RM, Giese EC, Figgato MM, Sumiya AF, Covizzi LG, 
Job AE, Cardoso MS, Corradi d.a Silva Mde L, Dekker RF, 
Barbosa AM, 2004. Comparison of botryosphaeran produc
tion by the ascomyceteous fungus Botryosphaeria sp., grown 
on different carbohydrate carbon sources, and their 
partial structural features. Journal of Basic Microbiology 44: 
480-486. 

Strong K, Mathers C, Leeder S, Beaglehole R, 2005. Preventing 
chronic diseases: how many lives can we save? Lancet 366: 
1578-1582. 

Suram S, Brown GD, Ghosh M, Gordon S, Loper R, Taylor PR., 
Akira S, Uematsu S, Williams DL,Leslie CC, 2006. Regulation of 
cytosolic phospholipase A2 activation and cyclooxygenase 2 
expression in macrophages by the 1l-g1ucanreceptor. Journal of 
BiologicalChemistry 281 : 5506-5514. 

Suzuki Y, Adachi Y, Ohno N, Yadomae T, 2001. Th1/Th2-Balanc
ing immunomodulating activity of gel-forming (1...... 3)-1l
glucans from fungi Biological and Pharmaceutical Bulletin 24: 
811-819. 

Takahashi H, Ohno N, Adachi Y, Yadomae T, 2001. Association 
of immunological disorders in lethal side effect of NSAIDs on 
p-glucan-administered mice. FEMS Immunology and Medical 
Microbiology 31: 1-14. 

Takaku T, Kimura Y, Okuda H, 2001. Isolation of an antitumor 
compound from Agaricus blazei Murill and its mechanism of 
action. Journal ofNutrition 131 : 1409-1413. 

Takeda K, Kaisho T, Akita S, 2003. Toll-like rec eptors. Annual 
Reviewof Immunology 21: 335-376. 

Talpur NA, Echard BW, Fan AY, )affari 0, Bagch i D, Preuss HG, 
2002. Antihypertensive and metabolic effects of whole mai
take mushroom powder and its fractions in two rat strains. 
Molecular and Cellular Biochemistry 237: 129-136. 

Tam SC, Yip KP, Fung KP, Chang ST, 1986. Hypotensive and 
renal effects of an extract of the edible mushroom Pleurotus 
sajor-caju. LifeScience 38: 1155-1161. 

Taylor PR, Tsoni SV, WillmentJA, Dennehy KM, Rosa s M, 
Findon H, Haynes K, Steele C, Botto M, Gordon 5, Brown GD, 
2007. Dectin-1 is required for p-g1ucan recognition and control 
of fungal infection. Nature Immunology 8 : 31-38. 

Thornton BP, Vetvicka V, Pitman M, Goldman RC, Ross GD, 
1996. Analysis of the sugar specificity and molecular loca
tion of the Il-glucan-binding lectin site of complement 
receptor type 3 (CD11b/C018). Journal of Immunology 156 : 
1235-1246. 

Trinchieri G, 2003. Interleukin-12 and the regulation of innate 
resistance and adaptive immunity. Nature Reviews Immunology 
3: 133-146. 

Tsikitis VL, Morin NA, Harrington "EO, Albina]E. Reichner JS, 2004. 
The lectin-like domain of complement receptor 3 protects 
endothelial barrier function from activated neutrophils. 
JOUnlll1 of Immunology 173: 1284-1291. 

Underhill DM, Rossnagle E, Lowell CA, Simmons RM, 2005. 
Dectin-1 activates Syk tyrosine kinase in a dynamic subset 



652 J. Chen, R. Seviour 

of macrophages for reactive oxygen production. Blood 106 : 
2543-2550. 

Vassallo R, Standing IE, Limper AH, 2000. Isolated pneumocystis 
carinii cell wall glucan provokes lower re spiratory tract 
inflammatory responses.Journal of Immunology 164: 3755-3763. 

Vetvicka V, Thornton BP, Ross GD, 1996. Soluble Il-glucan poly
saccharide binding to the lectin site of neutrophil or natural 
killer cell complement receptor type 3 (CD11b/CD1B) generates 
a primed state of the receptor capable of mediating cytotox
icity of iC3b-opsonized target cells. j ournal of Clinical Investi
gation 98 : 50-61. 

Vetvitka V, Yvin JC, 2004. Effects of marine 1l-1,3 glucan on 
im m une reactions. Intem at ional lmmunopharmacology 4: 
721-730. 

Vuiyakosol S, Fierer J, Brown GD, Kirkland TN, 2ooS. Innate 
immunity to the pathogenic fungus Coccidioides posadasii is 
dependent on toll-like receptor 2 and Deetin-1.Infection and 
Immunity 73: 1553-1560. 

Walsh T)', Teppler H, Donowitz GR, Maertens JA, Baden LR, 
Dmoszynska A, Comely OA, Bourque MR, Lupinacci RJ, 
Sable CA, dePauw BE, 2004. Caspofungin versus liposomal 
amphotericin B for empirical antifungal therapy in patients 
with persistent fever and neutropenia. New England Journal of 
Medicine 351: 1391-1402. 

Wang HX, Ooi VE, Ng TB, Chiu KW, Chang ST, 1996. Hypotensive 
and vasorelaxing activities of a lectin from the edible mush
room Trichol.oma mongolicum. Pharmacology and Toxicology 79: 
318--323. 

Wang J, Gigliotti F, Maggirwar S, Johnston C, Finkelstein }N , 
Wright TW, 2005. Pneumocystis carinii activates the NF-kappaB 
sign alin g pathway in alveolar epithelial cells. Infection and 1m· 
munity 73: 2766-2777. 

Wang Y, Zhang L, Li Y, Hou X, Zeng F, 2004. Correlation of 
structure to antitumor activities of five derivatives of a ~. 

glucan from Poria cocos sclerotium . Carbohydrate Research 339: 
2567-2574. 

Wei D, Williams D, Browder W, 2002a. Activation of AP-1 and SP1 
correlates with wound growth factor gene expression in 
glucan-treated human fibroblasts. International Immunophar
macology 2: 1163-1172. 

Wei D. Zhang L, Williams DL, Browder IW, 2OO2b. Gluean stimu
lates human dermal fibroblast collagen biosynthesis through 
a nuclear factor-t dependent mechanism. Wound Repair and 
Regeneration 10: 161-168. 

Williams DL, Di Luzio NR, 19BO. Glucan-induced modification of 
murine viral hepatitis. Science 208: 67~9. 

Willment JA, Gordon S, Brown GO. 2001. Characterization 
of the human 13-glucan receptor and its alternatively 
spliced isoforrns. journal of Biological Chemisty 276: 
43818-43823. 

Willment JA, Marshall AS, Reid DM, Williams DL, Wong SY. 
Gordon S, Brown GD, 2005. The human ~-glucan receptor is 
widely expressed and functionally equivalent to murine 
Dectm-1 on primary cells. European Journal ofImmunology 35: 
1539-1547. 

Xia Y, Borland G, Huangj, Mizukami rr, Petty HR, Todd 3rd RF. 
Ross GD, 2002. Function of the lectin domain of Mac-l/com
plement receptor type 3 (CD11b/CD1B) in regulating neutrophil 
adhesion. Journal of immunology 169: 6417-6426. 

Xia Y, Ross GD, 1999. Generation of recombinant fragments 
of CD11b expressing the functional ~-glucan·binding 

lectin site of CR3 (CD11b/CD18).;ournal ofImmunology 162: 
7285-7293. 

Xiao Z, Trincado CA, Murtaugh MP, 2004. B-glucan enhancement 
of T cell IFN gamma response in swine. Veterinary Immunology 
and immunopathol09Y 102; 315-320. 

Yamaguchi M, Matsuura M, Kobayashi K. Sasaki H. Yajima T, 
Kuwata T, 2001. Laetoferrin protects against development of 
hepatitis caused by sensitization of Kupffer cells by lipopoly
saccharide. Clinical and Diagnostic Laboratory immunology 8: 
1234-1239. 

Yan J, AllendorfDj, Brandley B. 2005. Yeast Whole gIucan particle 
(WGP) Il-glucan in conjunction with antitumour monoclonal 
antibodies to treat cancer. Expert Opinion in Biological Therapy 5: 
691-702. 

Yokota K, Takashima A, Bergstresser PR, AIiizumi K, 2001. 
Identification of a human homologue of the dendritic cell
associated C-type Iectin-t, decdn-t. Gene 272: 51~0. 

Yoshioka S, Ohno N, Miura T, Adachi Y, Yadornae T, 199B. 
Immunotoxicity of soluble p-glucans induced by indometha
cin treatment. FEMS Immunology and Medical Microbiology 21: 
171-179. 

Young RE, Thompson RD, Larbi KY,La M, Roberts CE, Shapiro SO, 
Perretti M, Nourshargh 5, 2004. Neutrophil elastase (NE)
deficient mice demonstrate a nonredundant role for NE in 
neutrophil migration, generation of proinflammatory media
tors. and phagocytosis in response to zymosan particles in 
uiuo, Journal of Immunology 172: 4493-4502. 

Zekovic DB, l(wiatkowski S. vrvic MM,Jalcovljevic D, Moran CA. 
2005. Natural and modified (1- 3)-Il-D-glucnns in health pro
motion and disease alleviation. Critical Reviews in Biotechnology 
25: 205-Z30. 

Zhang 1.,Li X. Xu X, Zeng F, 2005. Correlation between antitumor 
activity, molecular weight, and conformation of lentinan. 
Carbohydrate Research 340: 1515-1521. 

Zimmerman JW, Lindermuth J, Fish PA, Palace GP, Stevenson IT, 
DeMong DE, 1998. A novel carbohydrate-glycosphingolipid 
interaction between a j3-{1-3)-glucan immunomodulator, PGG
glucan, and lacto sylcera mide of human leukocytes. Journal of 
BiologicalChemistry 273 : 22014-22020. 


