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ulating agent that has been used to treat cancer and infectious disease for many
years with varying and unpredictable efficacy. Recent studies have unraveled the action mode of yeast-
derived β-glucan in combination with anti-tumor monoclonal antibodies (mAbs) in cancer therapy. It has
demonstrated that particulate or large molecular weight soluble β-glucans are ingested and processed by
macrophages. These macrophages secrete the active moiety that primes neutrophil complement receptor 3
(CR3) to kill iC3b-opsonized tumor cells. In vitro and in vivo data demonstrate that successful combination
therapy requires complement activation and deposition on tumors and CR3 expression on granulocytes.
Pre-clinical animal studies have demonstrated the efficacy of combined β-glucan with anti-tumor mAb
therapy in terms of tumor regression and long-term survival. Clinical trials are underway using anti-
epidermal growth factor receptor mAb (cetuximab) in combination with β-glucan for metastatic colorectal
cancer. This review provides a brief overview of this combination therapy in cancer and describes in detail
the β-glucan composition and structure, mechanism of action, and preclinical studies in human carcinoma
xenograft models. It is proposed that the addition of β-glucan will further improve the therapeutic efficacy
of anti-tumor mAbs in cancer patients.

© 2009 Elsevier Inc. All rights reserved.
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Introduction

Humanized anti-tumor monoclonal antibody (mAb) therapy has
been widely used to treat cancer (Adams et al., 2005). The effector
ogram, James Graham Brown
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mechanisms mediated by these anti-tumor mAbs are diverse and
include antagonizing receptor tyrosine kinases that are vital for tumor
cell proliferation and transformation (Zhang et al., 2003), directly
inducing tumor cell apoptosis (Johnson et al., 2003), and eliciting
immunological effects such as Ab-dependent cellular cytotoxicity
(ADCC) and complement-dependent cytotoxicity (CDC) (Gelderman
et al., 2004). However, mAb therapy is not uniformly effective, even in
patients whose tumors express a high level of tumor antigen. Most of
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these mAbs are used in combination with chemotherapy drugs to
further their therapeutic efficacy (Sobrero et al., 2008). However,
combination therapy of anti- tumor mAb with such agents also
significantly increases severalty of adverse effects, thus limiting its
utilization in a greater number of cancer patients.

Many efforts have been made to maximize therapeutic efficacy of
anti-tumor mAb with limited adverse effect. For example, tetravalent
anti-tumor mAb can increase its half-life in the circulation and
augment its anti-tumor efficacy (Li et al., 2008; Meng et al., 2004). In
addition, anti-tumor mAbs can be conjugated with toxin to increase
tumor killing activity (Senter et al., 1989). Studies are also being
carried out to augment the immunological effect of anti-tumor mAbs,
such as in ADCC and/or CDC (Gelderman et al., 2004; Hinton et al.,
2004; Hinton et al., 2006). Over the past decade, we have demon-
strated that yeast-derived β-glucan is capable of augmenting anti-
tumor mAb efficacy to treat cancer (Hong et al., 2003; Hong et al.,
2004; Yan et al., 1999). Other investigators have showed that barley β-
glucan has similar effects (Cheung et al., 2002a,b; Modak et al., 2005).
Further mechanistic studies demonstrate that β-glucan in combina-
tionwith complement-activating mAbs elicits complement receptor 3
(CR3)-dependent cellular cytotoxicity (CR3-DCC) (Hong et al., 2004;
Li et al., 2006).

β-glucans are biological response modifiers (BRMs) and have been
used for cancer treatment for more than 40 years particularly in Asia
with varying and unpredictable efficacy (Yan et al., 2005). In vitro and
in vivo studies have shown that soluble, low molecular weight β-
glucan binds to its receptor CR3 (CD11b/CD18, Mac-1, αMβ2-integrin)
(Thornton et al., 1996; Xia et al., 1999). CR3, a member of the β2-
integrin family, is a multifunctional adhesion molecule in which a
commonβ2 (CD18) subunit is non-covalently bound to theαM subunit
(CD11b) (Ross, 2000). A previous study demonstrated that the ability
of CR3 to bind diverse ligands is mainly contributed to a consensus-
binding site within CD11b (Yakubenko et al., 2002). Ligands for the
inserted (I) domain of CD11b include complement activation compo-
nent iC3b, intercellular adhesion molecule-1 (ICAM-1), fibrinogen,
factor X, and heparin (Diamond et al., 1995; Diamond et al., 1993).
Lectin-like domain (LLD), which is located proximal to the membrane,
binds microbial polysaccharides such as β(1,3)-linked glucose poly-
mers (β-glucan). Dual ligation of CR3 leads to degranulation and
cytotoxic effects (Li et al., 2006).

Combined therapy of β-glucan with anti-tumor mAbs has been
studied in a variety of murine syngeneic tumors (Hong et al., 2003;
Hong et al., 2004; Yan et al., 1999) as well as human carcinoma
xenograft models (Cheung et al., 2002a,b; Li et al., 2007a; Modak et
al., 2005; Salvador et al., 2008) to demonstrate its therapeutic
efficacy. The FDA has approved its clinical investigation in Phase I/II
trials. In this review, we focus on yeast-derived β-glucan and
discuss its composition, mechanism of action, and preclinical animal
studies.

β-glucan sources and structure

β-glucans are polysaccharides found as constituents in a variety of
plants and microorganisms, including oat, barley, mushroom, sea-
weed, some bacteria, and yeast (Gawronski et al., 1999; Wasser et. al.,
1999). β-glucans from various sources are differential in their
structure, conformation, and thus biological activity. Oat and barley
β-glucans are primarily linear with large regions of β(1,4) linkages;
mushroom and fungus β-glucans have the β(1,3) backbone branched
with short β(1,6)-linked side chains (Ensley et al., 1994; Yan et al.,
2005). Accordingly, these structural differences could affect both the
β-glucan extraction and the biological activity (Williams et al., 1991).
A recent study further revealed that the molecular size and complex-
ity of β-glucan, more than the enrichment or the exclusive presence of
the β(1,3) or β(1,6)-linkage, affect the interaction of β-glucan with
human monocytes (Nisini et al., 2007).
Herein, β-glucan refers to yeast-derived β-glucan isolated from
Saccharomyces cerevisiae unless otherwise noted. Three preparations
of β-glucan are discussed in detail.

Particulate β-glucan

Whole glucan particles (WGPs) are a purified hollow yeast cell
‘ghost’ containing rich β-glucan sphere, generally 2–4 μm in diameter
(Yan et al., 2005). Orally administered WGP β-glucans are ingested by
gastrointestinal macrophages and then transported to spleen and
bone marrow (Hong et al., 2004). Subsequently, small fragments are
released when WGP β-glucans are digested by macrophages. The
processing of WGPs by macrophages occurs presumably through an
oxidative-dependent pathway since macrophages do not have
glucanase. The soluble β-glucan released is the active moiety that
can prime neutrophil CR3 to kill iC3b-opsonized target cells. In
addition, WGP β-glucans stimulate macrophages to secrete cytokines
such as tumor necrosis factor-α (TNF-α), monocyte chemotactic
protein-1 (MCP-1), and interleukin-6 (IL-6) (Li et al., 2007b). These
proinflammatory cytokines can potentially enhance the activation of
adaptive immunity and may link the activation of both innate and
adaptive immunity. A schematic model (Fig. 1) is proposed to
illustrate the mechanism by which orally administered WGPs are
injected, demonstrating the four Phases characterized by: Phagocy-
tosis Phase, Processing and Priming Phase, the Innate Effector Phase,
and the Adaptive Effector Phase.

Soluble β-glucan

Poly-(1,6)-β-D-glucopyranosyl-(1,3)-β-D-glucopyranose (PGG) β-
glucan is a highly purified, water-soluble, intermediate sized
(approximately150 KD) triple helix of glucose polymer with a β-(1–
3)-glucan backbone containing β-(1,6)-linked β-(1,3) branches
(Gawronski et al., 1999). Extensive preclinical studies have shown
that PGG β-glucan substantially enhances anti-tumor mAb-mediated
tumor immunotherapies (Li et al., 2007a; Li et al., 2006; Salvador et al.,
2008). Soluble PGG β-glucan can be administered intravenously and is
taken up by macrophages. Like WGPs, macrophages also process PGG
β-glucan into small bioactive fragments to prime neutrophil CR3 for
the efficient killing of the iC3b-opsonised tumor cells (Li et al., 2006).
However, PGG β-glucan does not induce any proinflammatory
responses while most of other glucan preparations do.

Active moiety of β-glucan

Both PGG and WGP β-glucans exert their function through
macrophage digestion into a small biologically active fragment, which
binds CR3 in the neutrophil andprimes the effector cells for tumoricidal
effect. In an ex vivo culture system, fresh isolated peritoneal macro-
phages can break down the WGP- or PGG β-glucan into soluble,
biologically active components released into the culture medium,
which can be measured using a β-(1,3)-glucan specific bioassay. The
digested product can be detected as early as day 3 and amore complete
processing of parental β-glucans requires more than 14 days. Although
active moiety of β-glucan is an efficacious component that could be
administered intravenously, the short-half time in vivo limits its use in
combinational cancer therapy (Yan et al., 2000).

Mechanisms of action for the combined β-glucan and anti-tumor
mAb immunotherapy

CR3-DCC is a critical mechanism for killing microorganisms (Ross
et al., 1987). Following mAb binding to the surface antigen, the
activated complement pathway leads to iC3b deposition on the
microorganisms. The iC3b-opsonized microorganisms can be effi-
ciently recognized by leukocyte CR3. However, induction of CR3-DCC
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requires dual occupation of CR3 to both iC3b and β-glucan, which
exists in the cell walls of microorganisms. The binding of CR3 to iC3b is
not sufficient for leukocytes to kill tumor cells due to the lack of β-
glucan in mammalian cells.

Therefore, it was hypothesized that co-administration of comple-
ment-activating anti-tumor Abs with β-glucan would prime CR3 on
effector cells for a successful tumoricidal effect. Indeed, combined
therapy of β-glucan with anti-tumor mAbs has achieved significant
therapeutic efficacy in a variety of murine syngeneic tumors (Hong et
al., 2003; Hong et al., 2004; Yan et al., 1999) as well as in human
carcinoma xenograft models (Cheung andModak, 2002; Cheung et al.,
2002a,b; Li et al., 2007a; Modak et al., 2005; Salvador et al., 2008).

The therapeutic efficacy of combined β-glucan with anti-tumor
mAbs could not be achieved if C3- or CR3-deficient (C3−/−,
CR3−/−) mice were used, which reiterates the importance of
complement and CR3 for in vivo tumoricidal effect (Hong et al.,
2003; Yan et al., 1999). Further in vivo studies demonstrated that
PGG and WGP β-glucan exerts their respective effects via release
of active moiety of β-glucan fragments processed by macro-
phages (Hong et al., 2004; Li et al., 2006). However, the uptake
of PGG or WGP β-glucan by macrophages does not require CR3
as characterized by the similar percentage of PGG or WGP-
binding macrophages in WT vs CR3−/− mice (Hong et al.,
2004; Li et al., 2006). The CR3-independent uptake of particulate
or PGG β-glucan may suggest a potential role for other β-glucan
receptors, including dectin-1, in the phagocytosis phase. Dectin-1
was first reported as a dendritic cell (DC)-specific type II C-type
lectin receptor expressed as a 43 kDa membrane-associated
glycoprotein (Ariizumi et al., 2000). Previous studies demon-
strated that dectin-1 is a receptor for particulate β-glucan such
as zymosan (Brown et. al., 2001). Further studies indicated that a
complex of toll-like receptor (TLR)-2 and/or TLR-6 in collabora-
tion with dectin-1 receptor is required for the production of
proinflammatory cytokines such as TNF-α in response to
zymosan stimulation (Brown et al., 2003; Gantner et al., 2003).
Recent studies also revealed that different sources of β-glucan
may use distinct pathways to elicit their biological functions
(Saijo et al., 2007; Taylor et al., 2007; LeibundGut-Landmann et
al., 2007). Nevertheless, we demonstrated that the active moiety
β-glucan fragment released from macrophages primes the CR3 of
effector cells to elicit CR3-DCC of iC3b-opsonized tumor cells in
cancer therapy.

The signaling event that mediates CR3-DCC was further character-
ized (Li et al., 2006). The requirement of tyrosine kinase has been
revealed in an earlier study, which showed that protein tyrosine
kinase inhibitors genistein or herbimycin A significantly blocked CR3
priming by β-glucan (Vetvicka et al., 1996). The specific kinase Syk
activation was confirmed when mimicking CR3 dual ligation with
active moiety β-glucan fragments and anti-CR3 I-domainmAbs. It was
found that this dual ligation could stimulate the phosphorylation of
Syk kinase. In addition, the phosphorylated Syk could be co-
immunoprecipitated with the CR3 receptor (Li et al., 2006). This
suggested that after dual ligation, Syk kinase is phosphorylated and
recruited to the CR3 intracellular side. CR3 dual ligation also increased
PI3 kinase activity. The Syk kinase inhibitor, piceatannol, could
Fig. 1. A schematic illustration of the mechanism by which orally administered WGPs are in
and Priming Phase, the Innate Effector Phase, and the Adaptive Effector Phase. Briefly, the Pha
that are associated with M cells within the gut-associated lymphoid tissue (GALT) near the
macrophages from GALT to lymphoid organs, including spleen, lymph nodes, and bone ma
particulate β-glucan WGPs are digested and small soluble β-glucan is released, which prime
the egress of β-glucan-primed neutrophils to the tumor in the response to C5a within the tum
initiate the classical pathway of complement activation, leading to iC3b deposition on tumor
The Adaptive Effector Phase is characterized by the activation and maturation of immature
releases tumor antigens. Immature DCs that capture tumor antigens are activated by WGPs.
specific CD4 and CD8 T cells to eradicate residual tumors. PMN: polymorphonuclear leukoc
significantly block the dual ligation-mediated increase in PI3 kinase
activity, indicating that PI3 kinase activation is a downstream event
after Syk phosphorylation. This notion is further supported by the
finding that CR3-DCC was greatly abrogated by PI3K inhibitor LY
294002 and Piceatannol, suggesting that Syk phosphorylation and the
subsequent PI3K activation are the signaling events mediating CR3-
DCC. However, the kinase that phosporylates Syk is still unknown. An
investigation conducted recently may give us some hints. CR3 was
found to move to lipid rafts and interact with Lyn kinase after dual
ligation activation (Nakayama et al., 2008). LacCer-enriched-lipid rafts
were found to be necessary for CR3-mediated phagocytosis of
nonopsonized zymosans by human neutrophils. CD11b activation
may cause cytoskeletal rearrangement resulting in the translocation of
CR3 into Lyn-coupled, LacCer-enriched lipid rafts, thus allowing
neutrophils to phagocytose nonopsonized zymosans. Whether and
how the same mechanism applies to the killing of the iC3b-opsonized
tumor cells awaits further investigation.

Pre-clinical human carcinoma xenograft models

Immunotherapy with β-glucan substantially enhances the thera-
peutic efficacy of anti-tumor mAb in the experimental murine breast,
lung and lymphoma tumor models. To facilitate translation from
preclinicalmodels to clinical application, human carcinoma-challenged
xenograft models were established in severe combined immunodefi-
cient (SCID) mice. The human non-small cell lung carcinoma (NSCLC)
cell line NCI-H23 was implanted in SCID mice to study the therapeutic
efficacyof the combined therapyof PGGβ-glucanwithhumanized anti-
epidermal growth factor receptor (EGFR) mAb (cetuximab) (Li et al.,
2007a). In vitro study showed that anti-EGFRmAb could bind to surface
EGFRon tumors and activatemouse and human complement leading to
iC3b deposition on the tumor cell surface. In this tumor model, the
combined treatment of cetuximab with PGG β-glucan successfully
suppressed tumor development and greatly improved long-term
tumor-free survival rate. EGFR is widely expressed in the colorectal,
lung, breast, pancreatic, gastrointestinal carcinomas, and melanoma, is
associated with tumor progression, and indicates poor prognosis in
patients. The success of the combinational therapy of PGG β-glucan
with anti-EGFR Ab in the xenograft model holds great promise for the
eradication of tumors and improving the long-termsurvival for patients
whose tumors express high levels of EGFR.

In another xenograft model, a human ovarian carcinoma cell line,
SKOV-3, which expresses high levels of Her-2/neu, was implanted
subcutaneously in SCID mice (Li et al., 2007a). Preliminary in vitro
studies showed that humanized anti-Her-2/neu Ab (trastuzumab) is
able to activate mouse and human complement leading to iC3b
deposition on tumor cells. However, the combination of PGG β-glucan
and trastuzumab did not have a protective effect as shown in the NCI-
H23 tumor model. Further investigation demonstrated that SKOV-3
cells over-express decay-accelerating factor CD55, which is a
membrane-bound complement regulation protein (mCRP). Over-
expressing mCRPs on tumors is one of the mechanisms for tumor
cells to escape immune surveillance (Fishelson et al., 2003; Macor
et al., 2007). Due to a lack of effective complement activation caused
by CD55 overexpression, the level of chemoattractant C5a was greatly
jected, demonstrating the four Phases characterized by: Phagocytosis Phase, Processing
gocytosis Phase is characterized by the uptake ofWGPs by gastrointestinal macrophages
Peyer's patches. The Processing and Priming Phase is characterized by the migration of
rrow. WGPs also stimulate DCs for IL-12 and TNF-α production. During this time, the
s neutrophils in a CR3-dependent manner. The Innate Effector Phase is characterized by
or milieu. Anti-tumor mAbs or natural Ab binds to tumor-associated antigens (TAA) to

s. β-glucan-primed neutrophils can engage iC3b-opsonized tumor cells for cytotoxicity.
DCs by WGPs. The combined WGP with antitumor mAb therapy eradicates tumors and
WGPs also stimulate DCs for IL-12 production. Maturated DCs in turn activate antigen-
ytes.
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diminished resulting in a paucity of effector neutrophils infiltrating
into the tumors. Indeed, co-administration of anti-CD55 neutralizing
mAb with the combined trastuzumab and β-glucan therapy rescued
the otherwise failed combined immunotherapy (Li et al., 2007a). This
further strengthens the claim that β-glucan and mAb combined
therapy kills tumors via CR3-DCC.

Another recently FDA-approved anti-vascular endothelial growth
factor (VEGF) mAb (bevacizumab) was also used to test the combined
therapy with PGG β-glucan in the SKOV-3 cell implanted SCID mice
(Salvador et al., 2008). Bevacizumab might suppress tumor progres-
sion by blocking VEGF-mediated neovascularization, which is neces-
sary for the solid tumor growth. VEGF receptors (VEGFR) are
expressed widely in NSCL, leukemia, prostate carcinoma, and breast
carcinoma (Bellamy et al., 1999; Decaussin et al., 1999; Ferrer et al.,
1999; Price et al., 2001). Interestingly, VEGFR have been found on
tumor cells as well as in endothelial cells. In addition, a significant
fraction of VEGF has also been detected in tumor cells, possibly
mediated by its heparin-binding properties or through the binding to
VEGFRs. This observation makes bevacizumab a potential candidate
that couldwork in concert with PGG β-glucan immunotherapy to treat
cancer patients. This possibility was examined in the SKOV-3
carcinoma xenograft model. Anti-VEGF mAb is a humanized IgG1 Ab
that could cause efficient iC3b deposition on the SKOV-3 cells. The
combination of anti-VEGF with PGG β-glucan indeed induced massive
neutrophil infiltration in the tumor and led to enhanced cytotoxicity
both in vitro and in vivo (Salvador et al., 2008). Thus, co-administra-
tion of PGG β-glucan augments the anti-tumor effects of bevacizumab,
resulting in synergistic anti-tumor effects.

Neutrophils are the effector cells for β-glucan-mediated
antitumor therapy

Although β-glucan has been found to prime CR3 of macrophages,
neutrophils and NK cells in vitro, neutrophils have been distinguished
as the primary effector cells in the immune response elicited by
combined β-glucan plus anti-tumor mAb therapy (Allendorf et al.,
2005; Hong et al., 2003). This was illustrated by the observed reversal
of combined β-glucan with anti-tumor mAb therapeutic effectiveness
in GR-1 treated, granulocyte-depleted animals (Allendorf et al.,
2005). The critical components for enlisting neutrophil involvement
to the tumor site have been uncovered more recently. The potent
chemoattractant of neutrophils, C5a, was found to be necessary for
the infiltration of β-glucan-primed neutrophils into the tumor
(Allendorf et al., 2005; Li et al., 2007a). In the absence of C5a
receptor and/or BLT-1, a Leukotriene B4 receptor, tumors contained
significantly less neutrophils as seen by immunohistochemistry
(Allendorf et al., 2005). Leukotriene B4 is capable of perpetuating
C5a-initiated neutrophil influx into the tumor.

The mechanism by which neutrophils kill cancer cells needs
further evaluation. Activated neutrophils can phagocytose pathogens,
release microbiocidal enzymes, activate the perforin and granzyme B
pathway, and increase the assembly and activity of the NADPH oxidase
complex contained within these cells (Di Carlo et al., 2001). A recent
study suggested that neutrophil-derived TNF-related apoptosis-indu-
cing ligand (TRAIL) plays a critical role in neutrophil-mediated tumor
killing (Koga et al., 2004). In Candida albicans studies, β-glucan of the
yeast cell wall was found to be critical for effective neutrophil reaction
to the fungi. The blastoconidia, or cellular form of C. albicans is
phagocytosed by neutrophils once CR3 binds β-glucan on the yeast
surface. However, on the larger hyphae, β-glucan recognition does not
result in phagosytosis because of the large size of this form of C.
albicans. When the hyphae predominates, β-glucan is bound by
neutrophils and respiratory burst follows (Lavigne et al., 2006).

Phagocytosis by neutrophils as well as the generation of reactive
oxygen species (ROS) appears to be critical functions when neutro-
phils are faced with pathogens and even tumors, but other mechan-
isms of cell-mediated killing should be explored also. When
neutrophils are involved in Ab-dependent killing of cells, the
production of ROS has been observed during this process. However,
neutrophils were markedly different when collected from patient
donors with Chronic Granulomatous Disease, a genetic disease in
which one of the four required NADPH oxidase complex proteins
responsible for the mobilization of electrons transferred in the
production of superoxide anions has a mutation, resulting in non-
functional NADPH oxidase. These neutrophils were capable of killing
malignant lymphoma cells despite lacking the respiratory burst
response (Horner et al., 2007). Additionally, in animal tumor models,
neutrophil production of ROS proved necessary for killing cancerous
cells, but when human neutrophils and human tumor cell lines were
examined, tumor cell killing via ADCC was independent of respiratory
burst/NADPH oxidase activity (Kushner et al., 1991). Although cell-to-
cell contact was observed between neutrophils and tumor cells,
inhibition of perforin did not result in the reduction of tumoricidal
activity by neutrophils. However, in close contact between cells,
membrane lipid exchange by both cells to each other resulted andwas
followed by apoptosis of the cancer cells by Ab-dependent, granulo-
cyte-mediated cytotoxicity (Horner et al., 2007). These interesting
results indicate a mechanism of neutrophil-mediated cytotoxicity of
cancer cells independent of perforin or the production of ROS, but
relevant to and dependent on Ab therapy, which may be the
mechanism utilized during β-glucan and anti-tumor mAb combina-
tional treatment.

Another potential therapeutic benefit of β-glucan treatment

Thus far, neutrophils have proven to be efficient tumor cell killing
innate effector cells when primed with β-glucan and administered in
conjunction with anti-tumor mAbs. The addition of PGG β-glucan to
mAb cancer treatment adds therapeutic advantages without adverse
side effects to the patients. Studies are showing that not only may β-
glucan aid in tumor targeting and destruction for eradication, but after
chemotherapeutic treatment or radiation therapy, β-glucan can
hasten bone marrow hematopoietic cell recovery (Cramer et al.,
2006). After chemo- or radiation therapy, iC3b deposition is observed
on bone marrow stromal cells and works along with β-glucan to
promote proliferation and expansion of CR3+ hematopoietic pro-
genitor/stem cells (HPSCs). In addition, PGG β-glucan was shown in
both in vivo and ex vivo models to enhance murine and primate
myelopoiesis (Patchen et al., 1998b; Patchen et al., 1998a; Cramer et
al., 2008). During PGG β-glucan-mediated HPSC mobilization, there
was an absence of proinflammatory cytokine induction observed,
contrary to other treatments such as granulocyte-colony stimulating
factor (G-CSF) or granulocyte macrophage (GM)-CSF which could
benefit cancer patients (Cramer et al., 2008).

Current and future challenges

β-glucan has demonstrated its synergistic effect with currently
clinically available anti-tumor mAbs in tumor therapy. The novel
mechanism mediated by this combination therapy via innate effector
neutrophil CR3-DCC would not interfere with other killing mechan-
isms elicited by anti-tumor mAb itself. Any anti-tumor mAb that is
capable of activating complement could be used in combination with
β-glucan for tumor therapy. In addition to current FDA-approved anti-
tumor Abs, there are also more and more anti-tumor mAbs that have
been developed or are being developed to treat cancer, such as anti-
CEA Ab in colorectal cancer (Stein et al., 2005) and anti- carbonic
anhydrase IX Ab in clear cell renal cell carcinoma (Davis et al., 2007).
Increases in the number of anti-tumor Abs offer more opportunities to
design versatile combinations with β-glucan therapy. Even with
tumor vaccines that generate non-protective Ab responses and fail in
clinical trial (Foon et al., 1995; Karanikas et al., 1997; Nicholson et al.,
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2004), as long as the Abs could bind to tumors resulting in
complement activation, it is still possible for the vaccines to be used
in conjunction with β-glucan to elicit CR3-DCC protective anti-tumor
immune responses. For those tumor vaccines that elicit potent
cytotoxic T lymphocyte (CTL) responses as well as humoral responses
(Boscardin et al., 2006), combined therapy with β-glucan could add
another protective layer of innate anti-tumor immunity to the
adaptive anti-tumor immunity these tumor vaccines generate.
Although the primary effectors of β-glucan-mediated tumor therapy
are triggering innate effector neutrophils, it does not necessarily
exclude the possibility that it is involved in the anti-tumor adaptive
immunity. For example, particulate β-glucanWGP treatment has been
reported to promote Th1 responses (Baran et al., 2007). Therefore, β-
glucan-mediated therapy could link both innate and adaptive anti-
tumor immunity.

There are several potential challenges for combined β-glucan with
anti-tumor mAb therapy. A successful combination therapy requires
complement activation and iC3b deposition and release of chemoat-
tractant C5a, which in turn recruits effector neutrophils within tumor
tissues. In some tumors, e.g., SKOV-3 ovarian tumors, immune
surveillance can be evaded through impairment of complement-
mediated cytotoxicity by overexpressing mCRPs (Bjorge et al., 1997).
Therefore, this factormust be consideredwhen combinedβ-glucanwith
anti-tumormAb therapy is used. Addition of the anti-mCRP neutralizing
mAb may help to rescue what may otherwise be a failure of tumor
therapy. The need to develop other efficient targets to minimize the
mCRP expression is urgent. These strategies may include small
interfering RNAs or anti-sense oligos to knockdown mCRPs (Buettner
et al., 2007; Loberg et al., 2006), utilizationof chemotherapeutic drugs or
cytokines to downregulate mCRPs (Di Gaetano et al., 2001), and a new,
recently proposed approach for suppressing the expression of mem-
brane-bound complement regulator (mCR) genes (Donev et al., 2006).
In addition to this, stable tumor-associated antigen (TAA) expression
also holds a key for successful combined therapy since complement
activation and iC3b deposition on tumors are required. As observedwith
other immunotherapy approaches, a hallmark of cancer is genomic
instability and tumors are heterogeneous populations of cells with
potentially mixed populations of TAA expression (Ko et al., 2003). Thus,
any single therapeutic strategy is a selection pressure for a tumor;
sensitive cells will be effectively killed, but resistant variants will be
selected for continued propagation. Therefore, themost successful anti-
cancer treatments rely on a combination ofmany strategies. To that end,
β-glucan can be usedwith anti-tumor cocktail mAbs that bind tomulti-
targets of TAA(Spiridonet al., 2002) orwith cytokines suchas interferon
(IFN)-γ, which can increase the expression of TAA (Dutta et al., 2003).
However, caution is needed because cocktail anti-tumormAbsmay also
increase unwanted adverse effects. Nevertheless, the combined β-
glucan with anti-tumor mAb therapy has demonstrated promising
results in pre-clinical studies. The initial clinical study using anti-EGFR
mAb in combinationwith PGG β-glucan for metastatic colorectal cancer
conducted in Asia showed promising and exciting results. More clinical
investigations are underway to truly test its efficacy for cancer
treatment.
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