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Abstract

Purpose—Bevacizumab is a recombinant IgG1humanized monoclonal antibody against vascular
endothelial growth factor (VEGF). Its proposed mechanism of action is independent of immune
effector functions. Many human carcinomas not only secrete VEGF but also express membrane-
bound VEGF. In addition, VEGF receptors are expressed on tumor cells. It is hypothesized that
bevacizumab could bind membrane-bound VEGF or VEGF-VEGF receptor complexes on tumors,
thereby initiating potential immunologic consequences. We previously showed that yeast-derived
B-glucan functions with antitumor antibodies that activate complement to recruit complement
receptor 3— expressing leukocytes capable of mediating complement receptor 3— dependent cellular
cytotoxicity of tumors opsonized with iC3b. In the current study, the therapeutic efficacy mediated
by combining bevacizumab with yeast-derived p-glucan was studied in human carcinoma xenograft
models.

Experimental Design—Human tumor cell lines were screened for membrane-bound VEGF
expression both in vitro and in vivo. Complement activation mediated by bevacizumab was examined.
Tumor cell lines positive or negative for membrane-bound VEGF expression were implanted in
severe combined immunodeficient mice to establish xenograft models. Tumor-bearing mice were
treated with different regimens. Tumor regression and long-term survival were recorded.

Results—Human ovarian carcinoma SKOV-3 cells expressed membrane-bound VEGF both in
vitro and in vivo. Bevacizumab was bound to membrane-bound VEGF, activated complement, and
synergized with B-glucan to elicit cellular cytotoxicity in vitro. In vivo study showed that f-glucan
could significantly augment the therapeutic efficacy mediated by bevacizumab.

Conclusions—Yeast-derived B-glucan can synergize with anti-VEGF monoclonal antibody
bevacizumab for the treatment of cancer with membrane-bound VEGF expression.

Vascular endothelial growth factor (VEGF) stimulates abundant angiogenesis, which allows
exponential tumor growth and provides the hematogenous route for metastasis (1,2). VEGF-
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A isthe member of the VEGF family that seems to exercise the greatest control of angiogenesis
during tumor and metastatic development (3,4). The human VEGF-A gene is structured in eight
exons that give rise to four main isoforms by alternative splicing (5). The isoform VEGFg5
the most physiologically relevant, is secreted by both cancerous and noncancerous cells.
However, a significant fraction remains bound to the cell surface and the extracellular matrix,
which is mediated by its heparin-binding properties (6). It has been shown that most human
tumors overexpress VEGF, which is associated with tumor progression and poor prognosis in
colorectal, lung, breast, pancreatic, and gastrointestinal carcinomas and melanoma (7-12).
Human VEGF exerts its functions through binding to two related receptors, VEGF receptor
(VEGFR) 1 (FIt-1) and VEGFR2 (FIk-1 or KDRY), which are expressed mostly on endothelial
cells (13,14). VEGFR?2 is the primary receptor for transmitting VEGF signals and is a
transmembrane protein with an intracellular tyrosine kinase—active end. The induction of this
tyrosine kinase by VEGF fastening initiates a cascade of phosphorylation of other signaling
molecules, resulting in microvascular permeability, endothelial cell proliferation, invasion,
migration, and survival (15,16). Interestingly, VEGFRs are also expressed on tumor cells,
including those from non-small cell lung carcinoma, leukemia, prostate carcinoma, and breast
carcinoma (17-20). Although the significance of this observed expression pattern is still under
investigation, it is intriguing to hypothesize that circulating VEGF could bind to its receptor
on tumor cells to form VEGF-VEGFR complex, thereby stimulating tumor growth and
metastasis.

Anti-VEGF monoclonal antibody (mAb; bevacizumab, Avastin) is a murine-derived
recombinant mAb with a human IgG1 framework. It is capable of binding and neutralizing all
biologically active isoforms of VEGF, thus potently blocking VEGF (21,22). Bevacizumab
was shown as having no direct effect on the proliferation of tumor cell lines. Rather, it was
concluded that its target is the endothelial cells and the tumor blood supply (23). Thus, the
proposed mechanism of action of bevacizumab is the blocking of secreted VEGF, resulting in
regression to tumor microvessels, normalization of surviving mature vasculature, and
inhibition of vessel growth and neovascularization (22,24). Although bevacizumab uses the
human IgG1 framework, which itself is capable of activating complement, it has not been
shown to activate complement or to be cytotoxic to tumor cells, neither in vitro nor in vivo.
This tendency to attack tumor cells is a mechanism exhibited by other antitumor antibodies,
such as rituximab (anti-CD20 mAb; ref. 25).

B-Glucan, a pathogen-associated molecular pattern, has shown therapeutic benefits in a variety
of animal disease models (26-29). Yeast-derived p-glucan or barley B-glucan has shown
significant therapeutic efficacy in murine breast, liver metastasis, lung, and lymphoma tumor
models as well as in human neuroblastoma, lymphoma, and melanoma xenograft models when
used in combination with antitumor mAbs or naturally occurring antitumor antibodies (30—
35). Our previous in vitro studies have shown that the small molecular mass of yeast-derived
B-glucan binds a lectin-like domain within the COOH-terminal region of the CD11b subunit
of leukocyte complement receptor 3 (CR3; CD11b/CD18, a2 integrin, Mac-1; refs. 36,37).
B-Glucans prime CR3 of neutrophils, macrophages, and natural killer cells for cytotoxicity
against tumors opsonized with iC3b as a result of complement activation by antitumor mAbs
or natural antibodies. Dual occupancy of leukocyte CR3 by the I-domain ligand iC3b and the
lectin-like domain ligand p-glucan leads to degranulation and cytotoxic responses (38,39).
Further studies have shown that successful B-glucan—mediated tumor immunotherapy requires
tumor-reactive antibodies that activate complement and deposit iC3b on tumor cells and CR3
on leukocytes (30,31). In addition, neutrophils have been identified as the predominate effector
cells for B-glucan—mediated tumor therapy (31,40).

In the current study, we hypothesized that bevacizumab, in addition to its conventional effects
on circulating VEGF, also binds membrane-bound VEGF on tumor cells, leading to
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complement activation and iC3b deposition on tumors. This effect can be augmented by
coadministration of yeast-derived B-glucan, which results in the synergistic and heightened
antitumor effects for tumor therapy. This study has a double therapeutic consequence. First,
we established the need for testing membrane-bound VEGF expression in tumors. Second, we
revealed an augmented therapeutic efficacy against tumors mediated by the combination of
bevacizumab and B-glucan therapy, one that allows the clinical use of this therapy without
added chemotherapy or adverse effects.

Materials and Methods

Cell lines

The human breast tumor cell line HBL-100, human melanoma cell line Colo38, and human
ovarian carcinoma SKOV-3 were obtained from the American Type Culture Collection.
Human breast carcinoma MDA-MB-483 was obtained from Dr. R.L. Ceriani (Cancer Research
Fund of Contra Costa, Walnut Creek, CA). The cell lines were cultured in DMEM with 10%
newborn calf serum (Hyclone), MEM nonessential amino acids (Life Technologies), 100 units/
mL penicillin (Sigma), 100 pg/mL streptomycin (Sigma), and 2 mmol/L L-glutamine (Sigma).

Antibodies and other reagents

Anti-mouse C3-FITC and anti-human C3-FITC were purchased from Cappel. Anti-mouse
Gr-1-phycoerythrin (PE), anti-mouse CD31-biotin mAbs, and relevant isotype controls were
purchased from eBioscience. Streptavidin and peroxidase substrate kit 3-amino-9-
ethylcarbazole were purchased from Vector Laboratories. The humanized mAb against VEGF
(bevacizumab) and humanized mAb against Her-2/neu (trastuzumab) were produced by
Genentech. Therapeutic soluble poly-(1,6)- B-D-glucopyranosyl-(1,3)- B-D-glucopyranose
(PGG) B-glucan, a pharmaceutical-grade p-glucan with an average molecular mass of 150 kDa,
was obtained from Biothera.

VEGF expression on tumor cells

To detect the expression of membrane-bound VEGF on human tumor cell lines both in vitro
and in vivo, flow cytometry and fluorescence microscopy were done. For in vitro staining,
tumor cells were harvested and Fc receptors were blocked by incubation with anti-CD32/CD16
mADb. Cells were then stained with PE-labeled anti-VEGF mAb or isotype control and analyzed
by flow cytometry. For in vivo staining, solid tumors were excised and snap frozen in tissue
freezing medium (OCT, Sakura Finetechnical Co. Ltd.). Tumor sections were first blocked
with 3% bovine serum albumin/PBS and then stained with PE-labeled anti-VEGF mAb and
FITC-labeled anti-Her-2/neu mAb. Images were acquired by fluorescence microscopy (Nikon
Eclipse TE300 confocal cell images).

Detection of complement activation

To determine whether anti-VEGF mAb can activate mouse or human complement, mouse or
human serum was freshly collected and kept on ice. For every million tumor cells, a 100 puL
volume of diluted mouse (1:4) or human (1:10) serum containing 10 pg/mL working dilution
of anti-VEGF mAb was used. Tumor cells were mixed and incubated at 37°C for 30 min. Cells
were washed in ice-cold flow cytometry staining buffer and the tumor cell pellet was
resuspended in 100 pL of diluted detecting antibody (goat anti-mouse or human C3-FITC).
Cells were incubated on ice for 30 min and washed twice as above. Propidium iodide was used
to exclude the dead cells.
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In vitro B-glucan—mediated cellular cytotoxicity

In vitro cytotoxicity of tumor cells by B-glucan—primed human neutrophils was analyzed using
a real-time measure of the impedance of electrical current by viable target cells adhered to a
conductor on the bottom of wells in a 16-well plate (Acea Biosciences) according to the
manufacturer’s instruction and our previous publication (38). Briefly, 5 x 103 tumor cells were
placed into the wells of the Acea 16-well plates for 24 h. Following this, fresh human serum
and sufficient anti-VEGF mAb were added to the adherent tumor cells. The cells were
incubated for 30 min at 37°C to permit complement activation and deposition of human iC3b.
Human neutrophils were added to achieve E:T cell ratios of 20:1 with or without the 25-kDa
active moiety of B-glucan (38). Cells were incubated at 37°C in a humidified 5% CO, incubator
for 12 h. Cytotoxicity was calculated by measuring the relative decrease in current impedance
among wells containing iC3b-opsonized tumor cells and B-glucan—primed neutrophils and
wells containing iC3b-opsonized tumor cells and non-B-glucan—primed neutrophils or wells
containing iC3b-opsonized tumor cells only.

Mice and tumor models

Fox Chase ICR severe combined immunodeficient (SCID) mice were purchased from Taconic.
The murine tumor therapy protocols were done in compliance with all guidelines and were
approved by the Institutional Animal Care and Use Committee of the University of Louisville
For the SKOV-3 or Colo38 cell xenograft model, 6- to 8-week-old SCID mice were implanted
s.c. inamammary fat pad with 10 x 106 SKOV-3 or Colo38 cells. When tumor volume reached
~300 mm3, animals were divided into groups (n = 9) and received the anti-VEGF mAb
bevacizumab (0.2 mg i.v. twice weekly) with or without soluble PGG B-glucan (1.2 mg i.v.
twice weekly). PBS-treated, PGG B-glucan-treated only, and bevacizumab-treated only
animals served as controls. Therapy was conducted for up to 4 weeks, during which time tumor
volumes were recorded twice weekly. Tumor volume (mm?3) was calculated by caliper
measurements of the largest diameter (a) and its perpendicular (b) according to the following
formula: volume = [(a + b)/2]3. Mice were sacrificed when tumors reached 2,744 mm3 as
recommended by Institutional Animal Care and Use Committee guidelines. In some
experiments, survival was monitored up to 100 days beyond tumor implantation.

Immunofluorescence staining for neutrophil infiltration and complement activation in
tumors and immunohistochemical staining for tumor microvascularization

Tumors were excised and snap frozen in tissue freezing medium (OCT). Tissue blocks were
cut and fixed with cold acetone. To detect intratumor neutrophil infiltration or complement
activation, the sections were first blocked with 3% bovine serum albumin/PBS and then stained
with PE-labeled anti-Gr-1 mAb or FITC-labeled anti-mouse C3 antibody. Images were
acquired by fluorescence microscopy (Nikon Eclipse TE300 confocal cell images). The
number of infiltrating neutrophils was calculated as the mean of the number of Gr-1—positive
cells in 10 representative high-power fields (x400 total magnification). For
immunohistochemical staining for tumor microvascularization, tumor sections were blocked
with TBS plus 3% bovine serum albumin buffer and then incubated with an avidin/biotin
blocking kit (Vector Laboratories) and stained with anti-CD31-biotin for 1 h at room
temperature. After three 10-min washes with blocking buffer, the sections were stained with
streptavidin-horseradish peroxidase (Southern Biotechnology Associates) for 1 h at room
temperature. After additional washes, horseradish peroxidase substrate (\VVector Laboratories)
was added for 30 min at room temperature. Following three additional washes, the sections
were counterstained with hematoxylin to provide morphologic detail. Microvessel density was
determined by counting the number of CD31* blood vessels (four fields per slide;
magnification, x200).
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Statistical analysis

Results

Data from mouse therapy protocols were entered into Prism 4.0 (GraphPad Software) to
generate graphs of tumor regression or survival and to determine the significance of differences
between data sets. One-way ANOVA with Fisher’s least significant difference was used to
compare tumor sizes at the end of treatment and the numbers of infiltrating neutrophils in
tumors with different treatment as well as microvessel density within tumors, whereas the log-
rank test was used to determine the significance of differences between two survival curves.

Expression of membrane-bound VEGF and complement activation on human carcinomas

Although most tumors are VEGF producers, little is known about whether some tumors indeed
express membrane-bound VEGF. We first detected membrane-bound VEGF expression on
human tumor cell lines. Human breast carcinomas MDA-MB-483 and HBL-100, human
ovarian carcinoma SKOV-3, and human melanoma Colo38 cells were stained with fluorescein-
labeled anti-VEGF mADb and assessed by flow cytometry. As indicated in Fig. 1A, only
SKOV-3 cells, but not other tumor cell lines, expressed high levels of membrane-bound VEGF.
To further confirm that SKOV-3 tumors express membrane-bound VEGF in vivo, human
ovarian carcinoma SKOV-3 cells were implanted into SCID mice. SKOV-3 cells were
previously shown to express high levels of Her-2/neu oncoprotein. Therefore, we can use anti—
Her-2 mAb to track tumor cells. After tumors reached 7 to 8 mm in diameter, mice were
sacrificed and tumors were removed and snap frozen. Tumor sections were stained with anti—
VEGF-PE mAD (red) or anti-Her-2/neu-FITC (green) or both. Asindicated in Fig. 1B, SKOV-3
tumors expressed a high density of Her-2/neu (green) and colocalized with anti-VEGF mAb
staining, indicating that SKOV-3 tumors indeed express membrane-bound VEGF.

Next, we examined whether anti-VEGF mAb is capable of binding surface-bound VEGF,
thereby activating complement leading to iC3b deposition on tumor cells. We mixed tumor
cells with anti-VEGF mAb in the presence of mouse complement and then stained with anti—
iC3b-FITC mAb. As shown in Fig. 1C, anti-VEGF mAb could bind membrane-bound VEGF
on SKOV-3 cells and efficiently activate complement as assessed by flow cytometry. All other
tumor cell lines that were negative for membrane-bound VEGF expression were also negative
for complement activation.

B-Glucan synergizes with anti-VEGF mAb to elicit CR3-dependent cellular cytotoxicity

Yeast-derived B-glucan functions with antitumor antibodies to activate CR3 and to recruit
neutrophils that mediate CR3-dependent cytotoxicity of tumors coated with iC3b. Because
anti-VEGF mAb bevacizumab is an IgG1 isotype antibody and thus is capable of both binding
membrane-bound VEGF on tumor cells and efficiently activating complement as indicated in
Fig. 1C, it is hypothesized that bevacizumab could synergize with B-glucan to elicit CR3-
dependent cellular cytotoxicity. To this end, tumor cells were mixed with anti-VEGF mAb in
the presence of human complement to achieve iC3b opsonization on tumor cells and then
cocultured with neutrophils primed with or without p-glucan. As shown in Fig. 2, the
complement-dependent cytotoxicity mediated by bevacizumab was ~3%, with antibody-
dependent cellular cytotoxicity being similar to complement-dependent cytotoxicity. These
data reaffirm that the mechanism of action of bevacizumab is independent of immune effector
functions, including complement-dependent cytotoxicity and antibody-dependent cellular
cytotoxicity. Strikingly, bevacizumab plus B-glucan resulted in ~18% cytotoxicity against
iC3b-opsonized SKOV-3 tumor cells but not other tumor cells, which are negative for
membrane-bound VEGF expression (Fig. 2).
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Combined B-glucan with anti-VEGF mAb therapy in vivo on SKOV-3 tumors

To determine if the combined PGG B-glucan with bevacizumab therapy has an augmented
antitumor effect compared with the bevacizumab only therapy in vivo, human carcinoma
xenografts on SCID mice were produced. Because in vitro study showed that only human
ovarian carcinoma SKOV-3 cells express membrane-bound VEGF, SKOV-3 xenografts on
SCID mice were used to assess therapeutic efficacy with different therapeutic regimens. In
addition, human melanoma Colo38 cells, which do not express membrane-bound VEGF, were
used as a control. After SKOV-3 or Colo38 cell implantation, tumors were allowed to grow
until they were 300 mm3. The mice were then assigned to four different groups and received
(a) no treatment (PBS injections), (b) PGG B-glucan only, (c) anti-VEGF mAb bevacizumab
alone, or (d) PGG B-glucan plus anti-VEGF mAb bevacizumab. As shown in Fig. 3A, in
SKOV-3 xenograft model, mice receiving PGG B-glucan only did not show any significant
tumor regression compared with untreated animals (P = 0.14). Indeed, mice treated with anti-
VEGF mADb alone exhibited a significantly reduced tumor burden compared with untreated or
treated with PGG B-glucan only (P < 0.0001 with respect to B-glucan only—treated animal).
Strikingly, mice receiving PGG B-glucan in combination with anti-VEGF mAb therapy had
significantly smaller tumors compared with anti-VEGF mAb treatment alone (P < 0.05). Most
of these tumors still retained their sizes before therapy. More importantly, 86% of these mice
achieved long-term survival compared with 43% of tumor-bearing mice treated with anti-
VEGF mAb only (Fig. 3B). In Colo38 xenograft model, mice treated with anti-VEGF mAb
alone also showed a significantly reduced tumor burden compared with untreated or treated
with PGG B-glucan only (P <0.01). However, no significant difference was observed in tumor-
bearing mice treated with anti-VEGF mAb alone or anti-VEGF mAb in combination with PGG
B-glucan (P = 0.67; Fig. 3C). These data suggest that the addition of PGG B-glucan to anti-
VEGF mAb therapy significantly enhances the regression of the membrane-bound VEGF-
positive SKOV-3 tumors and long-term survival.

Intratumor neutrophil infiltration and complement deposition within SKOV-3 tumors

We have previously shown that complement activation and neutrophil trafficking within
tumors are critical for successful therapy using B-glucan combined with antitumor mAb therapy
(40). Therefore, immunofluorescence staining was carried out to examine complement
activation and neutrophil infiltration within tumors after treatment with different regimens.
The tumor sections from four groups were stained with anti—-iC3b-FITC (green) and anti—
VEGF-PE (red) mAbs. As indicated in Fig. 4A, massive iC3b deposition was observed in
tumors treated with anti-VEGF mAb with or without B-glucan, indicating that anti-VEGF mAb
is capable of activating complement in vivo. There was no iC3b deposition on the tumors from
mice treated with p-glucan alone or untreated with PBS injections. Furthermore, the tumor
sections were stained with anti-Gr-1-PE (red) mAb to detect neutrophil infiltration. As
indicated in Fig. 4B and C, the tumors from mice receiving p-glucan plus anti-VEGF mAb
bevacizumab therapy had a significantly increased number of infiltrating neutrophils than the
mice receiving PBS injection or B-glucan treatment only. Interestingly, tumors treated with
anti-VEGF mAb alone also had a significant neutrophil infiltration, suggesting that anti-VEGF
mADb has a unique function. It alters the tumor microenvironment that subsequently
chemoattracts inflammatory neutrophil infiltration within tumors.

Tumor microvascularization after anti-VEGF mAb therapy

To observe tumor blood vessel development after anti-VEGF mAb therapy, the tumor sections
were stained with anti-CD31-biotin mAb. As shown in Fig. 5, a decreased tumor microvessel
density was observed in the tumors from mice treated with PGG B-glucan plus anti-VEGF

mADb or anti-VEGF mAb alone when compared with the groups treated with either PBS or -
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glucan alone. These data further suggest that the mechanism of action of anti-VEGF mAD is
to block angiogenesis.

Discussion

In the current study, we showed that human ovarian tumor cells express membrane-bound
VEGF both in vitro and in vivo. This unique expression pattern leads to the complement
activation and iC3b opsonization on tumor cells mediated by anti-VEGF mAb bevacizumab.
More importantly, the augmented therapeutic efficacy is achieved by combined PGG p-glucan
with anti-VEGF mAb therapy. The enhanced anti-tumor responses and long-term survival for
tumor-bearing mice treated with the combined therapy seem to be associated with intratumor
massive complement activation and neutrophil infiltration. Therefore, this strategy may offer
its clinical benefits for tumor patients with membrane-bound VEGF expression.

Bevacizumab in combination with chemotherapy has been approved by the Food and Drug
Administration for use in colorectal and lung cancer treatments (41). Although the mechanism
of action of bevacizumab has not been fully elucidated, the proposed mechanism of action is
via blockade of circulating VEGF secreted by cancer cells or cancer stromal cells and is
independent of immune effector mechanisms, such as complement-dependent cytotoxicity or
antibody-dependent cellular cytotoxicity. Indeed, our in vitro cytotoxicity experiments
supported this notion (Fig. 2). However, some tumors not only secrete soluble VEGF into the
extracellular matrix but also express a membrane-bound form of VEGF. Here, we showed that
human ovarian carcinoma SKOV-3 expresses membrane-bound VEGF both in vitro and in
vivo. Additionally, VEGFRs are also expressed on tumor cells (17-20). It is possible that the
secreted VEGF may bind to its receptor on tumor cells forming a ligand-receptor complex.
Indeed, studies have shown that functional VEGF/VEGFR2 autocrine loops are present in
human leukemia and support leukemic cell survival and migration (42,43). Therefore, anti-
VEGF mAb may bind surface-bound VEGF or VEGF-VEGFR complex and initiate potential
immunologic consequences. Although anti-VEGF mAb bevacizumab itself does not have
significant direct cytotoxicity against tumor cells, in vitro study showed that yeast-derived -
glucan is able to synergize with anti-VEGF mAb to elicit leukocyte-mediated CR3-dependent
cellular cytotoxicity (Fig. 2). These data suggest that the anti-VEGF mAb bevacizumab can
be manipulated in such a way as to elicit effective antitumor immune responses. Indeed, our
in vivo study showed that PGG B-glucan in addition to anti-VEGF mAb therapy achieved a
significantly smaller tumor burden and long-term survival with respect to anti-VEGF mAb-
treated only animals (Fig. 3). However, this synergy did not occur in Colo38 tumors, which
do not express membrane-bound VEGF. The augmented therapeutic efficacy offers potential
clinical benefits for cancer patients who are subject to anti-VEGF mAb therapy. This may also
pose a question of whether membrane-bound VEGF expression should be included in the
clinical pathologic report. Although anti-VEGF mAb therapy has been approved for clinical
use, the response rate mediated by anti-VEGF mAb as an autonomous monotherapy is limited.
In clinical practice, anti-VEGF mAb has been used in combination with chemotherapy, which
significantly increases the therapeutic efficacy (44-46). However, those combination therapies
also have more severe adverse effects, which limit general use for most patients. Yeast-derived
PGG B-glucan is a polysaccharide and has a minimal toxicity (28,47). Our in vitro and in
vivo data clearly suggest that PGG B-glucan can significantly augment the therapeutic efficacy
mediated by anti-VEGF mAb bevacizumab in membrane-bound VEGF-positive SKOV-3
tumors but not in membrane-bound VEGF-negative Colo38 tumors. The premise for this
combination therapy requires tumors expressing membrane-bound VEGF. Therefore, it seems
necessary to detect membrane-bound VEGF expression for patients who potentially undergo
this combination therapy. Nevertheless, the combined PGG B-glucan with anti-VEGF mAb
therapy offers an alternative strategy for cancer therapy and suggests that bevacizumab therapy
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can be incorporated with other immune effector functions, such as p-glucan-mediated CR3-
dependent cellular cytotoxicity.

Our previous studies in murine syngeneic tumor models have shown that the successful p-
glucan—-mediated tumor therapy requires glucan-primed neutrophils traffic into tumors and
iC3b opsonization on tumor cells (31,40). The dual ligation of leukocyte CR3 leads to
degranulation and cytotoxic responses to iC3b-coated tumor cells (38). This seems to be the
case in the current study. Massive complement activation and intratumor neutrophil infiltration
occurred in tumors treated with anti-VEGF mAb with or without PGG B-glucan (Fig. 4). This
process is independent of PGG B-glucan because tumor-bearing mice treated with PGG -
glucan alone also showed the paucity of iC3b deposition and neutrophil infiltration within the
tumors similar to mice treated with PBS injection. This may suggest that SKOV-3 tumors have
established an immune-suppressive mechanism to escape immune surveillance. Interestingly,
tumors treated with anti-VEGF mAb alone exhibited massive iC3b deposition and neutrophil
infiltration. Our previous study showed that SKOV-3 tumors express high levels of membrane
complement regulatory proteins, such as CD46, CD55, and CD59 (48). Particularly, up-
regulation of CD55 (decay-accelerating factor) on SKOV-3 cells protected SKOV-3 cells from
complement-mediated lysis (49). Although SKOV-3 tumors express a high density of Her-2/
neu oncoprotein, SKOV-3 tumors were resistant to the anti-Her-2/neu mAb treatment, even
in conjunction with PGG B-glucan when a few neutrophils were infiltrated within the SKOV-3
tumors. However, anti-VEGF mAb treatment alone led to the alteration of such a suppressive
microenvironment. This seemsto be independent of complement activation because both mAbs
have human IgG1 frameworks and potently activate complement. It is possible that anti-VEGF
mAb uses its unique antiangiogenic activity, which disrupts tumor blood vessel supply and
therefore modulates the tumor microenvironment to favor immunotherapy. A recent study has
shown that VEGF secreted by carcinoma cells either directly or indirectly participates in
maintaining an inflammatory microenvironment (50). Bevacizumab reduced the density of
macrophages, MHC class Il antigen expression by macrophages, and interleukin-1mRNA
expression. Interestingly, VEGF also stimulates CD55 production on tumor cells (51).
Therefore, anti-VEGF mAb bevacizumab treatment could down-regulate CD55 expression,
thereby leading to potent neutrophil chemoattractant C5a release within the tumor.

In summary, our study is the first to prove that anti-VEGF mAb bevacizumab can be used in
concert with other immune effector functions when it is coadministered with yeast-derived
PGG B-glucan. This strategy provides a novel mechanism of action of bevacizumab and has a
significant clinical implication for combination therapies. We believe that the combination of
bevacizumab and B-glucan has great potential to become part of the armament against cancer
and deserves further investigation with the goal of translation into clinical practice.
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Fig. 1.

The expression of membrane-bound VEGF and complement activation on human tumor cell
lines. A, human tumor cell lines were stained with anti-VEGF mAb (bold line) or isotype control
mADb (filled gray) and then assessed by flow cytometry. B, human ovarian carcinoma SKOV-3
tumors were sectioned and stained with anti — Her-2/neu-FITC (green) or anti — VEGF-PE
(red) or both. The images were acquired by fluorescent microscopy. Representative tumor
sections of five total tumor specimens. Original magnification, x400. C, human tumor cell lines
were incubated with anti-VEGF mAb in the presence of mouse complement. Bold line, cells
were then stained with anti-mouse iC3b-FITC mAb. Tumor cells incubated with mouse
complement (dotted line) or without mouse complement (filled gray) and then stained with
anti-mouse iC3b-FITC mAb were used as controls.
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Fig. 2.

Anti-VEGF mADb bevacizumab synergizes with B-glucan to elicit CR3-dependent cellular
cytotoxicity. In vitro cytotoxicity experiments suggested that bevacizumab in conjunction with
B-glucan elicits cellular cytotoxicity of SKOV-3 tumors expressing membrane-bound VEGF
but not other tumor cells. Minimal complement-dependent cytotoxicity (CDC ; SKOV-3 cells
with anti-VEGF mAb in the presence of mouse complement) and antibody-dependent cellular
cytotoxicity (ADCC ; SKOV-3 cells with anti-VEGF mAb plus mouse complement plus
neutrophils without B-glucan) were observed.
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Fig. 3.

The tumoricidal activity of immunotherapy with PGG B-glucanin combination with
bevacizumab. A and B, ICRSCID mice (n = 9) were implanted s.c. with SKOV-3 cells and
tumors were allowed to form ~300 mm?3 in volume before therapy. Mice received PBS,
humanized anti-VEGF mAb(0.2mg every 3rd day)with or without PGG B-glucan (1.2 mg every
3rd day), or B-glucan only for 4 wk. Both tumor growth (A) and survival (B) were monitored.
C, ICRSCID mice (n = 10) were implanted s.c. with Colo38 cells and tumors were allowed to
form ~300 mm3 in volume before therapy.

Tumor-bearing mice received four different therapies as described above.

Clin Cancer Res. Author manuscript; available in PMC 2009 February 15.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Salvador et al.

Page 15

Tumor measurements were made at the indicated time. Mice were sacrificed when the tumor
sizes reached 2,744 mm3 in volume. Points, mean; bars, SE.
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Fig. 4.

Complement activation and neutrophil infiltration within SKOV-3 tumors. A and B, SKOV-3
tumors from animals receiving different treatment regimens as described in Materials and
Methods were sectioned and stained with anti — VEGF-PE (red) and anti — iC3b-FITC (green;
A) or stained with anti — Gr-1-PE to reveal neutrophil infiltration (B). Original magnifications,
%100 (A) and x400 (B). C, quantitative summary of the neutrophil infiltration measured as the
mean number of Gr-1* cells in 10 representative high-power fields. Magnification, x400.
Columns, mean; bars, SE.
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Bevacizumab treatment impairs tumor microvessel formation. A, SKOV-3 tumors from
animals treated with different regimens were sectioned and stained with anti — CD31-biotin
mAb. Left, low-power fields. Magnification, x200. Right, representative high-power field.
Magnification, x400. B, quantification of immunohistochemical staining for microvessel

density in SKOV-3 tumors. Columns, mean; bars, SE.
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