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affinity to the lectin site of CR3. When the data from these
two reports were combined for analysis, it became apparent
that the membrane proximal epitope defincd by mAb
CBRM1/23 was blocked more efficiently than other C-
terminal epitopes by polysaccharide attachment to CR3 and
is the prime candidate region for the lectin domain. Recently,
we have also shown that this epitope is blocked selectively
when CR3 forms lectin-depcndent complexes with CD87
[50].

Despite extensive research, the mechanisms involved in
the in vivo priming of cells by B-glucans and the signaling
events still remain to be elucidated. It seems that glucan ex-
hibits its biological properties through a cascade of events,
including the specific binding, receptor interaction (in case
of CR3 dual ligation), and signaling. Recently, the involve-
ment of the Syk-phoshatidylinoitol 3-kinase pathway has
been suggested [51]. Our preliminary results suggested that
the signal formed by interaction of membrane receptor with
glucan is transmitted to the cell nucleus where it affects ex-
pression of genes involved in regulation of cell proliferation,
apoptosis and invasion. Changes in expression of these genes
may result in increased proliferation, invasion and altered
apoptosis in affected cells.

Signaling pathways involved have not been identified
yet. However, some B-glucans have been found to induce
salicylic acid signaling pathway in plants [52]. Recently, we
have shown that glucan-treatment of ZR-75-1 cells induced
expression of genes involved in signal transduction, cell cy-
cle regulation, apoptosis, tumor invasion and metastasis [53].
Whether these changes at the gene level are also seen at pro-
tein level is yet to be determined. Therefore, we hypothcsize
that glucan exerts its biological functions through binding to
its receptor, which then mediates a downstream signal by
activating certain signaling pathways. In fact, our prelimi-
nary studies have shown a significant downregulation of
phosphorylated extracellular signal-regulated kinase (phos-
pho-ERK) levels in cell extracts of NCI-H23 cells treated
with glucan, when compared to control cells. Importantly,
reduced phospho-ERK levels coincided with decreased pro-
liferation.

Our observation of significant upregulation of CDC42 and
NF-xB2 expression level indeed suggests novel molecular
mechanism that might be responsible for the anti-cancer ac-
tivity of glucan. CDC42 has recently been shown to contrib-
ute to enhanced mitogenic signaling [54] and silencing
CDC42 inhibited MDA-MB-231 and BT20 cell proliferation
and migration due to reduced activity of ERK signaling in
MDA-MB-231 cells [55]. Another study has suggested that
CDC42 can activate NF-xB by a distinct pathway. Although
further detailed analyses would be necessary in this context,
our results suggest that activity of glucan is directly or indi-
rectly related to CDC42 and NF-xB2 expression.

Generally, binding of B-glucan to a receptor activates
macrophages and other professional phagocytes. The activa-
tion consists of several interconnected processes including
increased chemokinesis, chemotaxis, and degranulation lead-
ing to increased expression of adhesive molecules on the
macrophage surface and adhesion to the endothelium. In
addition, B-glucan binding also triggers intracellular proc-

Novak and Vetvicka

esses, characterized by the respiratory burst-formation of
reactive oxygen and nitrogen species and free radicals. In
addition, increasing of level and activity of hydrolytic and
metabolic enzymes and Ca®* influx through receptor-
operated channels has been described (for review see [56]).

Activation of macrophages and other professional phago-
cytes represents a part of more complicated processes, when
mediator molecules secreted by them (such as interleukin-1
(IL-1), interleukin-9 (IL-9), or tumor necrosis factor (TNF-
o)) initiate inflammation reactions. Inflammation is an es-
sential protective process preserving the integrity of organ-
isms against physical, chemical and infective attacks. How-
ever, the inflammatory response to several attacks can lead
to damage of normal tissues. Physiological inflammation
runs to the extent and to the rate corresponding with an in-
ducing noxa, so to the B-glucan present. If the noxious im-
pact persists, a pathological inflammation can take place,
manifested by excessive tissue damage subsequently ending
in immunc disorders and development of immunopathologi-
cal (e.g., autoimmune) processes. In the most serious cases,
generalization of inflammatory processes can be considered,
with shock development and subsequent fatal multiple organ
dysfunction syndrome.

Results of one research group suggested that f-glucan-
induced inflammatory processes could competitively interact
with simultaneously administered nonsteroidal antiinflam-
matory drugs. The lethal toxicity due to septic shock, elicited
by a sequential administration of B-glucan and a nonsteroidal
anti-inflammatory drug indomethacin, was described in mice
[57-59]. Antibiotic treatment protects mice against septic
shock evoked by this drug combination [60]. However, these
results were never independently confirmed.

There is an evidence that B-glucan plays a considerable
role in increased production of nitric oxide, one of the most
effective reactive nitrogen species, by inducible nitric oxide
synthase (iNOS) in macrophages {61,62] from L-arginine.
Various types of nitric oxide synthase (NOS) are known (be-
sides iNOS also a neuronal and epithelial ones). Function of
formed nitric oxide is double-edged. It induces a cytotoxic
effect upon tumor cells [63] and shows distinct impact on
many pathogens [64]. On the other hand, it can damage tis-
sucs and DNA [65] and its high concentrations can cause
septic shock. The activator’s sustained action induces ex-
pression of iNOS and increased formation of nitric oxide
(NO) results in vasodilatation of veins. The vasodilatation
brings about an intense drop of venous resistance and blood
pressure [66]. Other side effects imputed to p-glucan-
induced nitric oxide production are bioacrosol-induced respi-
ratory symptoms seen in both occupational and residential
environments [67)]. Generally, the dual role of NO as a pro-
tective or toxic molecule is due to several factors such as: the
isoform of NOS involved, concentration of NO and the type
of cells in which it is synthesized, the availability of L-
arginine, formation of cGMP by soluble guanylate cyclase
and the overall exira and intracellular environment in which
NO is produced [68].

Our knowledge of possible ncgative effects of various B-
glucans is limited. In addition to the possible negative effccts
of inflammation reactions, as well as nitric oxide, several
other adverse reactions were reported.
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Particulate B-glucan applied parenterally was reported to
cause granuloma formation, microembolization, local in-
flammation and pain [69,70]. Inhalation of intact cells or
cellular detritus of fungi or yeasts—ingredients of home dust
[71] or different agricultural and industriai dusts [72]—
induces the so called syndrome of toxic organic dust (STOD)
which s characterized by lung reactions that include pneu-
monia, cough and chronic bronchitis [73], rhinitis, headache
and irritation of eyes and throat. B-Glucans were reported as
important causal factors of these complaints {74,75] which,
through activation of macrophages, monocytes and leuko-
cytes, causes increased secretion of inflammatory compo-
nents (e.g., TNF-o and interleukin-8 (1L-8)). B-Glucans have
also been suggested as important agents in the inflammatory
reactions seen in the so called Sick Building Syndrome [76].

PHYSIOLOGICAL EFFECTS OF B-GLUCANS

B-Glucans are well-known biologic response modifiers
that function as immunostimulants against infectious dis-
eases and cancer [77,78]. Unlike most other natural products,
purified p-glucans retain their bioactivity, which permits the
characterization of how B-glucans work on a cellular and
molecular level.

B-Glucan has been used as an immunoadjuvant therapy
for cancer since 1980, primarily in Japan [79-81]. Another
activity demonstrated with B-glucan in the mid 1980°s was
its ability to stimulate hematopoiesis in an analogous manner
as granulocyte monocyte-colony stimulating factor [82].

Table2. Oral Effects of Glucan
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Both particulate and soluble B-glucans, all of which were
administered intravenously, caused significantly enhanced
recovery of blood cell counts after gamma irradiation [83,
84]. Later studies demonstrated that glucan is similarly effec-
tive when hematopoiesis is compromised by various types of
chemotherapy [85].

In addition to the effect in treatment of cancer, B-glucans
have been demonstrated to protect against infection with
both bacteria and protozoa in several experimental models
and were shown to enhance antibiotic efficacy in infections
with antibiotic-resistant bactcria. The protective effect of p-
glucans was shown in experimental infection with Es-
cherichia coli [86], Streptococcus suis [87], Staphylococcus
aureus [88], Candida albicans (89}, aspergillosis [90],
Leishmania major [91), Toxoplasma gondii [92), Plasmo-
dium berghei [93], Mesocestoides corti [94)], Trypanosoma
cruzi [95), and Eimeria vermiformis (96]. Regarding the
threat of bioterrorism, it is particularly interesting that glucan
has been found to prophylactically protect against anthrax
infection [97].

Most published studies described effects of injected B-
glucans (either i.p., iv. or s.c.). Only recently the effects of
glucan delivered p.o. werc evaluated. (see Table 2).

The influence of certain barley and mushrooms glucans
on decreasing levels of serum cholesterol and liver low-
density lipoproteins, leading to lowering of arterosclerosis
and heart disease hazards, was also described [98]. It is also

SOURCE INDICATION SPECIES RESULTS REFERENCE
Yeast Cancer Human Inhibition (101}
Cancer Mouse Inhibition {46]
Lipids Mouse Reduction {102]
Antiviral Mouse Reduction {103}
Lentinan Cancer Mouse Reduction [104}
Schizophyllan Antiviral Mouse Increased Ab {105])
Cancer Mouse No effects [106]
SSG Immunity Mouse Increase [107]
Cancer Mouse {nhibition [108]
Maitaki Cholesterol Rat Decrease of Lipids {110]
Cancer Human Reduction {109]
PSK Cancer Mouse Inhibition [1
- Cancer Human Increased Survival [112]
VAgricu.v hluzei Cancer Mouse Enhanced Clearance [113}
.s:parassis crispa Cancer Mouse Inhibition [114]
Seaweed 7 Cancer Mouse Inhibition 85]
Oat Blood glucosc Human Reduction [115]
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known that B-glucans, due to their non-digestibility and
swelling, can facilitate bowel motility and can be used in
amelioration of intestinal problems, particularly obstipation
[99]. At the same time, the non-digestible B-glucans, are able
to modulate mucosal immunity of the intestinal tract [100].

It is well established that the administration of glucans
enhances the efficacy of anticancer immunotheraphy, both in
clinical and experimental conditions. However, little is known
about the transfer of orally administered glucan through the
gastrointestinal tract into different tissues and organs. The
studies of the Ross group suggested that orally-adminstered
glucan is taken up by gastrointestinal macrophages and
subsequently shuttled to the reticuloendothelial system and
bone .marrow [101]. Rice er al. has reported significant
differences among various glucans in plasma concentration
and binding of glucan by gastrointestinal epithelial and gut-
associated lymphatic tissue (GALT) cells [41]. These studies
were performed in adult rodents with fully developed diges-
tive and immune systems. In our recent study, we cvaluated
the absorption of B-glucan during the suckling pericd when
intestinal barrier function and transport function are not fully
established. Results from our studies suggest that only a
limited amount of P-glucan is absorbed by the gut and
transferred into the systemic blood. The majority of B-glucan
was detected in the gastrointestinal tract and the liver. Thus,
we speculate that the gastrointestinal epithclium, GALT cells,
and Kuppfer cells are likely the most affected systems by
orally administered PB-glucan. Further studies established
relation among B-glucan, antibodies and tumor growth [46].
The detailed study of tissue distribution and gastrointestinal
transfer is therefore necessary and has high potentiat to yield
data important for possible clinical use of glucans.

FUTURE OF GLUCANS

There are two problems with natural B-glucans that make
them undesirable as drugs. First, there is considerablc varia-
tion in the structure of B-glucans isolated from the same
strain of fungi (or any other suitable material). Over the last
10 years, we have obtained more than 90 preparations of B-
glucan from colleagues or the pharmaceutical industries in
Japan, Brazil, Taiwan, USA and Czech Republic. On several
occasions, it was noted that multiple lots of one type of B-
glucan had extraordinary affinity for CR3, whereas the next
several lots had low or undetectable affinity for CR3. The
same biological variability has been found for effects on
mmmune reactions. The problem is that the structure of cell
walls varies with growth conditions leading to considerable
variation among batches of ycast, mushrooms or seaweed in
glucan branching frequency as well as linkage to chitins and
mannoproteins. The second problem in the development of a
drug from a natural product is that it is difficult to make it
proprietary and protect the investment required for develop-
ment. It is possible, however, that these problems will no
longcr exist when synthetic oligosaccharides are uscd.

ABBREVATIONS

BRMs = Biological response modifiers
PRRs
PAMPs

Pattern recognition receptors

I

Pathogen-associated molecular patterns
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TLR-2 = Toll-like receptor 2

CR-3 = Complement receptor 3

FITC = Fluorescein isothiocyanate

CRD . = Carbohydrate-recognition domain
ICAM-1 = Intercellular adhesion molecule

iC3b = Proteolyticaly inactive product of the

complement cleavage fragment

phospho-ERK = Phosphorylated extracellular signal-

regulated kinase
IL-1 = Interleukin-1
IL-8 = Interleukin-8
1L-9 = Interleukin-9
TNFa = Tumor necrosis factor
iNOS = Inducible nitric oxide synthase
NOS = Nitric oxide synthase
NO = Nitric oxide
GALT = gut-associated lymphatic tissue
LPS = Lipopolysaccharide
NK = Natural killer cells
mAbs = Monoclonal antibodies
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