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Abstract

B-glucans belong to a group of biologically active natural
compounds called biological response modifiers. These
substances represent highly conserved structural com-
ponents of cell walls in fungi, yeast, grain and seaweed.
Despite almost 160 years of intensive research, the
exact mechanisms of their action remain unsolved. The
significant role of glucans in cancer treatment, infection
immunity, stress reduction and restoration of damaged
bone marrow has already been established. The present
review focuses on the various less known but potentially
significant roles glucans might play in medicine. In sum-
mary, glucan might represent the most important natu-
ral immunomodulator.
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INTRODUCTION

Natural products, useful in preventing and treating vari-
ous diseases, have been sought after for centuries. The
investigation of B-glucans began during the 1960s and
1970s. Two gradually converging lines can be traced in
the history of B-glucans. The first took place mainly in
Europe and the United States and the second in Japan.
Research on f3-glucans in the Euro-American milieu was
based on knowledge of the immunomodulatory effects of
zymosan-a mixtute of polysaccharides isolated from the
cell walls of Saccharomyces cerevisiae. Zymosan was prepared
and investigated for the first time by Pillemer ¢z 2/ in the
1940s, and since that time it has been used in numerous
studies. Zymosan is a potent stimulator especially of mac-
tophages and it also induces the release of a series of cy-
tokines from neutrophils. For many years, it was not clear
which patt of this crude composition was responsible
for its activities. When zymosan was examined in detail,
B-glucan was identified as the component which had the
ptimary effect. Glucan was subsequently isolated and its
immunological effects were further investigated.

B-glucan was approached differently in Japan. In Far
Eastern medicine, the consumption of medicinal mush-
rooms has been a long tradition. An interest in these ac-
tions led to detailed studies of the biological effects of
these mushrooms. As a result of these studies, f3-glucans
were again found to be a main cause of non-specific im-
munomodulation®.

A majot problem in characterizing virtually all natu-
ral products is that they represent a complex mixture of
ingredients-each one of which may contribute to their
bioactivity and, at the same time, some might act against
each other. B-glucans from fungi, yeast and seaweed ate
well-known biologic response modifiers that function as
immunostimulants against infectious diseases and can-
cet™, Unlike most other natural products, highly puri-
fied B-glucans retain their bioactivity which permits their
charactetization at the cellular and molecular level.

Based on the multiple biological effects of B-glucan,
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it is not surprising that this immunomodulator is also in-
volved in the fight against cancer. Despite the fact that most
tumors are recognized by the immune system, the antibody
response is usually not sttong enough to kill cancer growth.

Since the first direct scientfic study forty years ago,
the anti-tumor activity of B-glucan has been clearly dem-
onstrated. Since these pioneeting studies, numerous ani-
mal as well as human trials have shown remarkable anti-
tumor activity against a wide variety of tumors including
breast, lung, and gastrointestinal cancer. Since the 1980s,
two types of B-glucan have been successfully used as tra-
ditional medicine for cancer therapy in Japan®”. Another
activity demonstrated by B-glucan in the mid 1980s was its
ability to stimulate hematopoiesis in an analogous mannet
as granulocyte monocyte-colony stimulating factor™. Both
patticulate and soluble B-glucans caused significantly en-
hanced recovery of blood cell counts after gamma radia-
tion™. It has also been shown that B-glucan could revetse
myelosuppression produced by chemotherapeutic drugs"”.

The mechanism of action of P-glucan on cancer in-
cludes the C3 fragment of complement and antibodies.
Our investigation showed that the majority of malignant
cells in mammary catcinomas ate naturally targeted with
C3 for cytotoxicity by natural killer (NK) cells bearing
CR3 receptors that have been primed with -glucan. Both
freshly excised human mammary tumors and established
breast cancer cell lines wete examined, and published re-
potts of both circulating antibodies to tumors and tumot
opsonization with immunoglobulins and C3 wete con-
firmed. Furthermore, whereas older investigations tested
tissue sections using immunohistochemistry, our investi-
gation examined single cell suspensions of tumors using
flow cytometry, thus allowing full quantification of anti-
bodies and the C3 fragment of complement. Our results
suggested that while the majority of malignant cells within
tumors bore IgM, IgG and C3, the surrounding normal
breast epithelium was devoid of these molecules.

Numerous recent studies have shown that B-glucan
is extremely active in cooperation with antibodies which
naturally occur in cases of cancer. Subsequent expeti-
ments showed that daily therapy with soluble or insoluble
B-glucan for two weeks resulted in a 70%-95% reduction
in tumor weight as compared to the control group. Fol-
lowing the binding of antibodies on the surface of cancer
cells, C3 fragments of complement coat the cancer cells.
The B-glucan-primed cells, such as blood neutrophils,
macrophages, and NK cells, then specifically recognize
these complement-antibody complexes and kill the tumot
cells. B-glucan cooperation with antibodies is therefore a
most promising combination therapy.

GLUCAN AS AN IMMUNOSTIMULANT

The effects of B-glucan on immune reactions are well
established. Traditionally, B-glucan is considered to be a
stimulator of cellular immunity. Binding of B-glucan to 2
specific receptor (especially CR3 and Dectin-1) activates
macrophages. This activation consists of several intercon-
nected processes including increased chemokinesis, che-

(44

TEE
TRaishidong®

WJCO | www.wjgnet.com

motaxis, migration of macrophages to particles which then
undergo phagocytosis, degranulation that leads to increased
expression of adhesive molecules on the macrophage
surface, adhesion to the endothelium, and migration of
macrophages to tissues. In addition, 3-glucan binding also
triggers intracellular processes, characterized by the respira-
tory burst after phagocytosis of invading cells (formation
of reactive oxygen species and free radicals-hydrogen per-
oxide, super oxide radical, NO, HCIO, HIO, ex.), increas-
ing the content and activity of hydrolytic and metabolic
enzymes, and signaling processes leading to activation of
other phagocytes and the secretion of cytokines and other
substances initiating inflammatory reactions [e.g. interleu-
kin (IL)-1, IL-9 and TNF-q]. For an excellent review on
the interactions of (3-glucans with macrophages see'”.

In addition, B-glucan has been extensively used as
protection against infection. Using several experimen-
tal models, B-glucan has been shown to protect against
both bacterial and protozoan infections and enhances
antibiotic efficacy in infections with antibiotic-resistant
bactetia. The protective effect of B-glucans was shown
in experimental infectons with Leishmania major’® and
L. donovant™, C. albicans™, Toxcoplasma gondz'z'[ﬁ], Strepio-
coceus mz's[m], Plasmodinm berg/yez{m, Staphylococcus anreus"™,
Escherichia col™, Mesocestoides cort?®, Trypanosoma crugi 2
Eimeria vermiformis™ and Bacillus anthracis™)

Based on the multiple biological effects of B-glucan, it
is not surptising that it has also been involved in the fight
against cancer. Since the first direct scientific study forty
years ago, the anti-tumor activity of (3-glucan has been
clearly demonstrated®™. Since then, numetous animal as
well as human studies have shown remarkable anti-tumor
activity against a wide variety of tumors. Additionally, in
Japan, the B-glucans (31,3-D-glucans) such as Lentinan de-
rived from the Shiitake mushroom and Polysaccharide K
derived from Coriolus versicolor are already licensed as drugs
effective in cancer treatment and their properties are rou-
tinely improved. Recent studies have repeatedly shown that
B-glucan is extremely active in cooperation with antibodies
which naturally occur in cases of cancer. Subsequent ex-
petiments showed that daily therapy with B-glucan resulted
in a 70%-95% treduction in tumor weight as compared to
the control group®*. However, we must keep in mind
that antibodies alone cannot make tumor cells disappear.
The mechanisms of these effects are based on the close
cooperation of B-glucan with antitumor antibodies. Fol-
lowing the binding of antibodies on the surface of cancer
cells, the C3 fragments of complement coat the cancer
cells. The B-glucan-primed cells, such as blood neutrophils,
macrophages, and NK cells, then specifically recognize
these complement-antibody complexes and kill the coated
tumor cells. Immunotherapy with -glucan substantially
enhances the therapeutic efficacy of anti-tumor antibodies.
B-glucan cooperation with antibodies is therefore a most
promising combination immunotherapy”

GLUCAN AS A DRUG DELIVERY VEHICLE

There is already substantial research on glucan use in drug
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delivery systems either as an actual drug carrier, an adju-
vant, or in combination with other matetials to form suit-
able drug delivery systems. One example is curdlan, which
has been investigated for use in the preparation of tablets
containing theophylline-a drug used in the treatment of re-
spiratory diseases such as asthma. These formulations were
prepared from spray-dried particles of curdlan and theoph-
ylline®™. Scleroglucan has been applied as a coating in lipo-
some formulations and in the preparation of hydrogels.

Recently, reseatch has been focused on yeast-derived
glucans. B-glucan detived from Baker’s yeast (Saccharomyces
cerevisiag) can be processed into hollow, highly-porous mi-
croparticles. Their use was described more that 15 years
ago when Alpha-Beta developed B-glucan carbohydrate
microcapsules (Adjuvax) for specific antigen and drug
deliverym. The use of Adjuvax resulted in more than
a 1000-fold increase in antibody response””. Recently,
glucan particles have been successfully used to prepate
encapsulated polyplexes for DNA, siRNA, protein and
nanopatticles. A recent study by Aouadis group showed
the highly effective use of f-glucan encapsulated siRNA
patticles as an orally-delivered vehicle to silence genes in
mouse macrophages 7 o™ . Bach of these, despite of-
fering a wide range of individual approaches, is based on
one single characteristic of glucan-being readily phago-
cytosed by numerous cell types. B-glucan thus represents
a natural, inexpensive and safe vehicle for entering these
omnipotent and omnipresent cells. An exciting future will
surely capitalize on the intersection of the unique immu-
nomodulatory propetties of these polysaccharides to de-
velop dtug formulations targeting tissues and organs rich
in phagocytosing cells.

B-GLUCAN AND RESVERATROL

Several studies in the last decade have suggested a possible
synergy of glucan with additional bioactive substances.
First, numerous scientific studies®¥ have shown some
beneficial effects when f3-glucan was given in combination
with vitamin C. The main teason why vitamin C shows
synergistic effects is due to the fact that this vitamin has
been shown to stimulate the exact same immune respons-
es as B-glucan, ie. macrophage activities-NIC cell activity
and specific antibody formaton. A mouse study showed
significant healing abilities of a f3-glucan-vitamin C com-
bination in the treatment of Mesocestoides corti infection.
The treatment resulted in positive modulation of liver fi-
brosis and pathophysiological changes™. Eatlier, the same
group found that yeast-derived glucan was a promising
agent against sevetal helminthic parasites. With respect to
liver disease, schizophyllan B-glucan was shown to help
against an ischemia-reperfusion injury of the liver. The
mechanisms of these effects ate most likely due to the
B-glucan-caused decrease in the expression of immediate
eatly genes following injury to the liver™.

Our laboratory studied the possible effects of a com-
bination of B-glucan and tesveratrol. Resveratrol (srams-
3,4 ,5-trihydroxystilbene) is a non-flavonoid polyphenol
found in various fruits and vegetables and is abundant
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Figure 1 Stimulation of phagocytosis of synthetic microspheres by the
combination of yeast-derived glucan with different types of resveratrol
injected ip. Twenty-four hours before the test. Peripheral blood neutrophils with
three and more Hydroxy ethyl methacrylate particles were considered positive.
PBS: Phosphate buffered saline.

in the skin of grapes. In addition to various biochemical,
biological, and pharmacological activities, resveratrol has
been found to exhibit numetous immunomodulatory ef-
fects such as suppression of lymphocyte proliferation,
changes in cell-mediated cytotoxicity, cytokine production,
and induction of apoptosis. In addition, resveratrol has
been reported to have a cancer-chemopreventive activity.
As tesveratrol is prominent ptimarily in red wine grapes,
its beneficial effects are often suggested to be responsible
for the so called “Mediterranean paradox”.

Our study was based on a recent observation that
seaweed-detived B-glucan elicited defense responses in wine
and induced protection against Borytis cinerea and Plasmopara
witicola via the inducton of production of two phytoalexins
including resveratrol®™, This led us to evaluate the possible
synergetic effects of B-glucan and resveratrol on immune
reactions. This study showed that both glucan and resvera-
trol stimulated the phagocytosis of blood leukocytes, caused
increased expression of some membrane markers (such
as CD4) on spleen cells, and showed higher restoration of
spleen recovery after experimentally induced leucopenia.
In all cases, strong synergetic effects were observed. When
we measured the effects of these substances on the ex-
pression level of some important genes (such as NF-kB2,
Cdc42 and Bcl-2) in breast cancer cells, the up-regulation
of Cdc42 expression was evident only with the use of both
immunomodulators (glucans and resveratrol) in combina-
tion®”. The up-regulation of NF-kB2 gene expression is
considered significant since the members of this family are
important regulators of cell cycle progression, cell survival,
cell adhesion/angiogenesis, invasion and inflammatory re-
sponses. Studies have shown the positive role of the NF-
kB family proteins in regulating the expression of adhesion
molecules and angiogenic factors that are known to increase
the invasion and metastasis of cancer cells. However, not
every prepatation of tresveratrol has identical effects on the
immune system, particulatly in synergy with (-glucan. We
compared the synergetic effects of three different prepara-
tions of resveratrol with yeast-derived B-glucan and found
significant differences (Figure 1). The differences in activities
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of the resveratrol samples were most probably caused by
biochemical and biological differences in individual resvera-
trols. Most of the resveratrols represent various mixtures of
trans-resveratrol and resveratrol glycosides.

CONCLUSION

B-glucans occupy a prominent position among many
known and tested immunomodulators. The effects of
B-glucans on a variety of diseases, such as infections, im-
munosupptession and most importantly on neoplastic
gtowth have been investigated. The flood of various
food additives and “altetnative remedies”, usually offered
by pattially enlightened non-specialists, is a holdover
from those pioneer years. Not surprisingly, the wave of
enthusiasm slowly dissipated. f-glucans wete, and often
incompetently, criticized by many authorities, the main
teasons being insufficiently defined preparations and non-
specific and/or complex effects. Fortunately, in the last
decade, tesearch in reputable laboratories has reached the
stage where the basic mechanisms of B-glucan effects are
known and the reladonship between structure and activity
has been cleatly established. Therefore, it is possible that
B-glucan will finally hold the position that was ascribed
mote than several decades ago.

REFERENCES

1  Pillemer L, Ecker EE. Anticomplementary factor in fresh
yeast. | Biol Chem 1941; 137: 139-142

2 Chihara G, Maeda Y, Hamuro J, Sasaki T, Fukuoka F. Inhi-
bition of mouse sarcoma 180 by polysaccharides from Lenti-
nus edodes (Berk.) sing. Nature 1969; 222: 687-688

3 Borchers AT, Stern JS, Hackman RM, Keen CL, Gershwin
ME. Mushrooms, tumors, and immunity. Proc Soc Exp Biol
Med 1999; 221: 281-293

4 Brown GD, Gordon S. Fungal beta-glucans and mammalian
immunity. Immunity 2003; 19: 311-315

5  Takeshita K, Saito N, Sato Y, Maruyama M, Sunagawa M,
Habu H, Endo M. [Diversity of complement activation by
lentinan, an antitumor polysaccharide, in gastric cancer pa-
tients] Nippon Geka Gakkai Zasshi 1991; 92: 5-11

6  Kimura Y, Tojima H, Fukase S, Takeda K. Clinical evalua-
tion of sizofilan as assistant immunotherapy in treatment
of head and neck cancer. Acta Otolaryngol Suppl 1994; 511:
192-195

7 Matsuoka H, Seo Y, Wakasugi H, Saito T, Tomoda H. Len-
tinan potentiates immunity and prolongs the survival time
of some patients. Anticancer Res 1997; 17: 2751-2755

8  Patchen ML, MacVittie TJ. Dose-dependent responses of mu-
rine pluripotent stem cells and myeloid and erythroid pro-
genitor cells following administration of the immunomodu-
lating agent glucan. Immunopharmacology 1983; 5: 303-313

9  Patchen ML, MacVittie TJ. Stimulated hemopoiesis and en-
hanced survival following glucan treatment in sublethally
and lethally irradiated mice. Int ] Immunopharmacol 1985; 7:
923-932

10 WagnerovaJ, Liskova A, Navarova J, Kristofova A, Trnovec T,
Ferencik M. The effect of two glucan carboxymethyl deriva-
tives with various substitution degrees on cyclophosphamide
immunosuppression in mice. Immunopharmacol Immunotoxicol
1993; 15: 227-242

11  Schepetkin IA, Quinn MT. Botanical polysaccharides: mac-
rophage immunomodulation and therapeutic potential. Int
Immunopharmacol 2006; 6: 317-333

(54

Tt
Jgaishideng®

WJCO | www.wjgnet.com

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Al Tuwaijri AS, Mahmoud AA, Al Mofleh IA, Al Khu-
waitir SA. Effect of glucan on Leishmania major infection in
BALB/c mice. ] Med Microbiol 1987; 23: 363-365

Cook JA, Holbrook TW. Immunogenicity of soluble and
particulate antigens from Leishmania donovani: effect of
glucan as an adjuvant. Infect Immun 1983; 40: 1038-1043
Bacon JS, Farmer VC. The presence of a predominantly
beta(1-6)component in preparations of yeast glucan. Biochem
]1968; 110: 34P-35P

Bousquet M, Escoula L, Pipy B, Bessieres MH, Chavant L,
Seguela JP. [Enhancement of resistance of mice Toxoplasma
gondii by 2 polysaccharides beta 1-3, beta 1-6 (PSAT and
Scleroglucan)] Ann Parasitol Hum Comp 1988; 63: 398-409
Dritz SS, Shi J, Kielian TL, Goodband RD, Nelssen JL, To-
kach MD, Chengappa MM, Smith JE, Blecha F. Influence
of dietary beta-glucan on growth performance, nonspecific
immunity, and resistance to Streptococcus suis infection in
weanling pigs. | Anim Sci 1995; 73: 3341-3350

Kumar P, Ahmad S. Glucan-induced immunity in mice
against Plasmodium berghei. Ann Trop Med Parasitol 1985;
79:211-213

Liang J, Melican D, Cafro L, Palace G, Fisette L, Armstrong
R, Patchen ML. Enhanced clearance of a multiple antibiotic
resistant Staphylococcus aureus in rats treated with PGG-
glucan is associated with increased leukocyte counts and
increased neutrophil oxidative burst activity. Int | Immuno-
pharmacol 1998; 20: 595-614

Rasmussen TL, Seljelid R. Dynamics of blood compontents
and peritoneal fluid during treatment of murine E. coli sep-
sis with B-1,3-D-polyglucose derivates. I. Cells. Scand | Im-
munol 1991; 31: 321-331

White TR, Thompson RC, Penhale W], Chihara G. The ef-
fect of lentinan on the resistance of mice to Mesocestoides
corti. Parasitol Res 1988; 74: 563-568

Williams DL, Yaeger RG, Pretus HA, Browder IW, Mc-
Namee RB, Jones EL. Immunization against Trypanosoma
cruzi: adjuvant effect of glucan. Int | Immunopharmacol 1989;
11: 403-410

Yun CH, Estrada A, Van Kessel A, Gajadhar A, Redmond M,
Laarveld B. Immunomodulatory effects of oat beta-glucan
administered intragastrically or parenterally on mice infected
with Eimeria vermiformis. Microbiol Immunol 1998; 42: 457465
Vétvicka V, Terayama K, Mandeville R, Brousseau P,
Kournikakis B, Ostroff G. Pilot study: orally administered
yeast B1,3-glucan prophylactically protects against anthrax
infection and cancer in mice. | Am Nutraceut Assoc 2002; 5: 1-6
Nakao I, Uchino H, Orita K, Kaido I, Kimura T, Goto Y,
Kondo T, Takino T, Taguchi T, Nakajima T, Fujimoto S, Mi-
yazaki T, Miyoshi A, Yachi A, Yoshida K, Ogawa N, Furue
H. [Clinical evaluation of schizophyllan (SPG) in advanced
gastric cancer--a randomized comparative study by an en-
velope method] Gan To Kagaku Ryoho 1983; 10: 1146-1159
Hong F, Yan J, Baran JT, Allendorf DJ, Hansen RD, Ostroff
GR, Xing PX, Cheung NK, Ross GD. Mechanism by which
orally administered beta-1,3-glucans enhance the tumori-
cidal activity of antitumor monoclonal antibodies in murine
tumor models. ] Immunol 2004; 173: 797-806

Hong F, Hansen RD, Yan ], Allendorf DJ, Baran JT, Ostroff
GR, Ross GD. Beta-glucan functions as an adjuvant for mono-
clonal antibody immunotherapy by recruiting tumoricidal
granulocytes as killer cells. Cancer Res 2003; 63: 9023-9031

Liu J, Gunn L, Hansen R, Yan J. Yeast-derived beta-glucan in
combination with anti-tumor monoclonal antibody therapy
in cancer. Recent Pat Anticancer Drug Discov 2009; 4: 101-109
Liu J, Gunn L, Hansen R, Yan J. Combined yeast-derived
beta-glucan with anti-tumor monoclonal antibody for can-
cer immunotherapy. Exp Mol Pathol 2009; 86: 208-214

Zhong W, Hansen R, Li B, Cai Y, Salvador C, Moore GD,
Yan J. Effect of yeast-derived beta-glucan in conjunction
with bevacizumab for the treatment of human lung adeno-

February 10, 2011 | Volume 2 | Issue 2 |




30

31

32

33

34

35

carcinoma in subcutaneous and orthotopic xenograft mod-
els. ] Immunother 2009; 32: 703-712

Kanke M, Koda K, Koda Y, Katayama H, Nakayama A.
Preparation and in vitro drug release evaluation of curdlan
tablets. Drug Delivery Syst 1992; 7: 135-140

Jamas S, Ostroff GR, Easson DD Jr. Glucan drug delivery
system and adjuvant. WO 9015596, 1990 Dec

Ostroff GR, Easson DD Jr, Jamas S. A new f-glucan-based
macrophage-targeted adjuvant. ACS Symp Ser 1991; 469:
52-59

Aouadi M, Tesz GJ, Nicoloro SM, Wang M, Chouinard M,
Soto E, Ostroff GR, Czech MP. Orally delivered siRNA tar-
geting macrophage Map4k4 suppresses systemic inflamma-
tion. Nature 2009; 458: 1180-1184

Verlhac V, Obach A, Gabaudan J, Schuep W, Hole R. Im-
munomodulation by dietary vitamin C and glucan in rain-
bow trout (Oncorhynchus mykiss). Fish Shellfish Immunol
1998; 8: 409-424

Eicher SD, McKee CA, Carroll JA, Pajor EA. Supplemental
vitamin C and yeast cell wall beta-glucan as growth en-

(44

ik
Taishidong®

WJCO | www.wjgnet.com

119

36

37

38

39

Vetvicka V. Biological activity of glucan

hancers in newborn pigs and as immunomodulators after
an endotoxin challenge after weaning. ] Anim Sci 2006; 84:
2352-2360

Ditteova G, Velebny S, Hrckova G. Modulation of liver fi-
brosis and pathophysiological changes in mice infected with
Mesocestoides corti (M. vogae) after administration of glu-
can and liposomized glucan in combination with vitamin C.
] Helminthol 2003; 77: 219-226

Kukan M, Szatmary Z, Lutterova M, Kuba D, Vajdové K,
Horecky J. Effects of sizofiran on endotoxin-enhanced cold
ischemia-reperfusion injury of the rat liver. Physiol Res 2004;
53:431-437

Aziz A, Poinssot B, Daire X, Adrian M, Bézier A, Lambert
B, Joubert JM, Pugin A. Laminarin elicits defense responses
in grapevine and induces protection against Botrytis cinerea
and Plasmopara viticola. Mol Plant Microbe Interact 2003; 16:
1118-1128

Vetvicka V, Vetvickova J. Physiological effects of different
types of beta-glucan. Biomed Pap Med Fac Univ Palacky Olo-
mouc Czech Repub 2007; 151: 225-231

S- Editor Cheng]JX L- Editor Webster JR E- Editor Ma WH

February 10, 2011 | Volume 2 } Issue 2 |



