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Recent studies suggest that tumor-associated CD11bⴙGr1ⴙ myeloid
cells contribute to refractoriness to antiangiogenic therapy with an
anti-VEGF-A antibody. However, the mechanisms of peripheral mobilization and tumor-homing of CD11bⴙGr1ⴙ cells are unclear. Here,
we show that, compared with other cytokines [granulocyte-macrophage colony stimulating factor (GM-CSF), stromal derived factor 1␣,
and placenta growth factor], G-CSF and the G-CSF-induced Bv8 protein have preferential expression in refractory tumors. Treatment of
refractory tumors with the combination of anti-VEGF and anti-G-CSF
(or anti-Bv8) reduced tumor growth compared with anti-VEGF-A
monotherapy. Anti-G-CSF treatment dramatically suppressed circulating or tumor-associated CD11bⴙGr1ⴙ cells, reduced Bv8 levels, and
affected the tumor vasculature. Conversely, G-CSF delivery to animals
bearing anti-VEGF sensitive tumors resulted in reduced responsiveness to anti-VEGF-A treatment through induction of Bv8-dependent
angiogenesis. We conclude that, at least in the models examined,
G-CSF expression by tumor or stromal cells is a determinant of
refractoriness to anti-VEGF-A treatment.
Bv8 兩 resistance 兩 prokineticin 2 兩 bone marrow

A

ngiogenesis is important in several pathophysiological processes (1, 2). The VEGF signaling pathway has a key role in
both physiological and pathological angiogenesis (3, 4). Bevacizumab, a humanized anti-VEGF-A (hereafter anti-VEGF) neutralizing mAb, was approved by the U.S. Food and Drug Administration (FDA) for cancer therapy, in combination with cytotoxic
chemotherapy (5, 6). Subsequently, 2 small molecule VEGF receptor tyrosine kinase inhibitors (sunitinib and sorafenib) were
FDA approved (2). However, although these agents resulted in
clinical benefits in multiple tumor types, similar to other anticancer
drugs, a partial or complete lack of response to anti-VEGF agents
has been reported in patients, as well as in some experimental
models (7).
Over the last several years, the contribution of various bone
marrow (BM)-derived cell types to tumor angiogenesis has been the
object of intense investigation (8–11). Among these cell types,
CD11b⫹Gr1⫹ cells are frequently increased in the tumors and in
the peripheral blood (PB) of tumor-bearing animals, and have been
shown to promote tumor angiogenesis (12), and to suppress immune functions, hence, the denomination of myeloid-derived suppressor cells (MDSC) (13). However, the initiating mechanisms
responsible for peripheral mobilization, tumor-homing, and acquisition of proangiogenic properties in CD11b⫹Gr1⫹ cells remain to
be elucidated.
We reported that CD11b⫹Gr1⫹ cells have a role in mediating
refractoriness to anti-VEGF treatment in mouse tumor models
(14). Further experiments revealed that CD11b⫹Gr1⫹ cells produce several angiogenic factors, including Bv8, a secreted protein
previously characterized as a mitogen for specific endothelial cell
type, as a growth factor for hematopoietic progenitors (15, 16), and
as a neuromodulator (17, 18). Analysis of several xenografts, as well
as of a transgenic cancer model (RIP-Tag), suggested that Bv8
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promotes tumor angiogenesis through increased peripheral mobilization of myeloid cells and local stimulation of angiogenesis (19,
20). We identified granulocyte colony stimulating factor (G-CSF)
as a strong inducer of Bv8 expression, both in vitro and in vivo.
Physiologically, G-CSF has an important role in mobilization of
hematopoietic stem cells, progenitors, and mature cells, particularly
neutrophils, into the blood circulation (21, 22). G-CSF is also
necessary for differentiation of progenitors to cells of granulocytic
lineage, such as neutrophils, eosinophils and basophils. Although a
few reports have suggested that G-CSF administration enhances
tumor angiogenesis and growth (23, 24), the evidence implicating
this factor in tumorigenesis is far from conclusive. To our knowledge, until now no study has tested whether G-CSF blockade affects
tumor growth.
Here, we show that, compared with G-macrophage(M) CSF,
stromal derived factor (SDF)1␣, and placenta growth factor
(PlGF), G-CSF and Bv8 show the strongest correlation with
refractoriness to anti-VEGF in our tumor models. Administration
of an anti-G-CSF mAb had little or no effect on growth of sensitive
tumors. However, anti-G-CSF (or anti-Bv8) mAb resulted in reduced tumor angiogenesis and growth, and was additive to antiVEGF mAb in refractory tumors. Strikingly, anti-G-CSF treatment
reduced circulating and tumor-associated myeloid cells to the levels
detected in mice bearing sensitive tumors. Conversely, treatment of
mice bearing sensitive tumors with recombinant G-CSF or implantation of G-CSF-transfected cells resulted in increased
CD11b⫹Gr1⫹ cell numbers and reduced responsiveness to antiVEGF therapy.
Results
Anti-G-CSF or Anti-Bv8 Treatment Delays Growth of Refractory Tumors.

We previously identified the EL4 and LLC cell lines as refractory, and the B16F1 and Tib6 cell lines as sensitive to anti-VEGF
mAb treatment (14). As shown in Fig. 1A, administration of
anti-G-CSF Mab did not have any significant effect on growth of
B16F1 tumors. Similarly, anti-Bv8 therapy did not inhibit tumor
growth. Combination of anti-Bv8 (or anti-G-CSF) with antiVEGF did not provide any therapeutic advantage over antiVEGF alone, further suggesting that neither G-CSF nor Bv8
facilitates the growth of B16F1 cells. Interestingly, Tib6 tumors
in 2 independent experiments showed some response to both
anti-G-CSF and anti-Bv8 at early time points (day 14 postinoculation), but not later, suggesting a transient increase in
Author contributions: F.S., X.Q., Y.G.M., and N.F. designed research; F.S., X.W., X.Q., and
M.T. performed research; M.K. and L.Y. contributed new reagents/analytic tools; F.S., X.W.,
X.Q., M.T., Y.G.M., and N.F. analyzed data; and F.S. and N.F. wrote the paper.
Conflict of interest statement: The authors are employees and shareholders of Genentech,
Inc.
Freely available online through the PNAS open access option.
1To

whom correspondence should be addressed. E-mail: nf@gene.com.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0902280106/DCSupplemental.

www.pnas.org兾cgi兾doi兾10.1073兾pnas.0902280106

2500

Control

2500

IgG Isotype
Anti-VEGF

2000

Anti-G-CSF
1500

Anti-Bv8
Anti-VEGF+Anti-G-CSF

1000
Anti-VEGF+Anti-Bv8

*
*
*

500

IgG Isotype
Anti-VEGF

1500

Anti-G-CSF
Anti-Bv8

1000

Anti-VEGF+Anti-G-CSF
Anti-VEGF+Anti-Bv8

500

7

C
Control

2000

IgG Isotype
Anti-VEGF

1500

*
*

Anti-G-CSF
Anti-Bv8

*

Anti-VEGF+Anti-G-CSF

1000

1

10

Anti-VEGF+Anti-Bv8
500

2500

4

7

10
Days

14

17

D
Anti-VEGF

**

Anti-G-CSF

*

Anti-VEGF+Anti-G-CSF
Anti-VEGF+Anti-Bv8

500

4

Days

7

10

Anti-VEGF+Anti-Bv8

10

Anti-VEGF+Anti-G-CSF

** **
TIB6

EL4

30

80

20

70

10
0

50
40

*

20
4

*

*
LLC

*

30
1

1

Anti-G-CSF

15

60

0

0

Anti-Bv8

20

90

Anti-Bv8
1000

Anti-VEGF

25

100

IgG Isotype

1500

IgG Isotype

30

B16F1

B

Control
2000

Control

35

0

21

Circulating
CD11b+Gr1+ (%)

Days

Mean Tumor Volume (mm3)

4

40

5

0
1

Mean Tumor Volume (mm3)

45

Control
2000

***

0

2500

50

A

B

Tumor associated
CD11b+Gr1+ (%)

A

Mean Tumor Volume (mm3)

Mean Tumor Volume (mm3)

3000

7

10
Days

14

17

21

10

*

*

*

*

0
B16F1

C

in tumors, PB, and BM (Fig. 2; SI Methods). Both G-CSF (25)
and Bv8 (16, 19) have been shown to induce peripheral mobilization of CD11b⫹Gr1⫹ cells. Tumor analysis revealed a greater
frequency of CD11b⫹Gr1⫹ cells in refractory tumors compared
with sensitive ones (Fig. 2 A). This finding is consistent with the
observation by De Palma et al. (26) that B16F1 tumors recruit
very few leukocytes compared with LLC. Of note, the frequency
of myeloid cells in LLC was much greater than EL4 tumors,
indicating differences in the cytokine milieu among refractory
tumors. Anti-G-CSF treatment significantly reduced the frequency of tumor associated CD11b⫹Gr1⫹ cells in both single and
combination therapies in both EL4 and LLC tumors. However,
anti-Bv8 significantly reduced homing of CD11b⫹Gr1⫹ in EL4,
but not in LLC tumors, indicating that Bv8 is a more critical
player in recruitment of myeloid cells in EL4 tumors. Interestingly, IHC detected Bv8 expression in refractory but not in
sensitive tumors (Fig. S1 A), and confirmed the crucial role of
G-CSF in regulating Bv8 expression (19), because Bv8 was
Shojaei et al.
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Fig. 2. Anti-G-CSF treatment targets CD11b⫹Gr1⫹ cells. Single cells were
isolated from the tumors (A), PB (B), or BMMNCs (C) of mice bearing sensitive
or refractory tumors, as indicated in the main text. Tumors were harvested
when they reached ⬇2,000 mm3 (late tumor growth), and were stained with
rat anti-mouse CD11b-APC and rat anti-mouse Gr1-PE antibodies as described
in SI Methods. Graphs represent mean frequency of CD11b⫹Gr1⫹ cells in each
tissue, and bars represent SEM. *, significant difference (P ⬍ 0.05) in the
frequency of myeloid cells when comparing each treatment vs. corresponding
control-treated tumors. , significant difference (P ⬍ 0.05) in combination
treatments (anti-Bv8 plus anti-VEGF or anti-G-CSF plus anti-VEGF) vs. antiVEGF monotherapy. Insets indicate frequency of myeloid cells in nontumor
bearing mice.

almost absent in LLC-tumors from anti-G-CSF treated mice
(Fig. S1B). Also, Bv8-myeloperoxydase double staining confirmed the localization of Bv8 predominantly in neutrophils
(Fig. S2)
Analysis of mononuclear cells (MNCs) in PB was in agreement with our findings in tumors. Anti-G-CSF treatment
substantially decreased circulating CD11b⫹Gr1⫹ cells in animals bearing refractory tumors (Fig. 2B). Anti-Bv8 reduced
the frequency of circulating myeloid cells in EL4-, but not in
LLC-bearing animals. Interestingly, the magnitude of myeloid
cell mobilization associated with LLC tumors was markedly
greater than that in EL4 tumors. To further verify the FACS
data, we measured the total numbers of leukocytes, as well as
neutrophils and lymphocytes, in the PB in all of the groups
(Fig. S3). The measurements were in agreement with FACS
data, because anti-G-CSF dramatically reduced the number of
white blood cells (Fig. S3A) and neutrophils (Fig. S3B),
without affecting the number of lymphocytes.
Consistent with our previous observations (19), anti-Bv8
treatment did not affect the frequency of myeloid cells in the BM
(Fig. 2C). In contrast, anti-G-CSF significantly reduced the
frequency of myeloid cells in the BM.
Inhibition of Tumor Angiogenesis in Anti-Bv8 or Anti-G-CSF Treated
Animals. Sections of tumors from all treatments groups were

stained for CD31, CD11b, and Gr1 to study tumor vasculature,
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Anti-G-CSF Dramatically Reduces CD11bⴙGr1ⴙ Cells in Refractory
Tumors. We next examined the frequency of CD11b⫹Gr1⫹ cells
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G-CSF at early stages of tumor development (Fig. 1B). Similar
to B16F1 tumors, combination of anti-VEGF with anti-Bv8 or
anti-G-CSF did not provide any additivity in inhibiting Tib6
tumor growth compared with anti-VEGF alone. However, antiG-CSF treatment reduced terminal EL-4 tumor volumes by
⬇35%. Anti-VEGF had a slightly greater effect. However, the
combination anti-G-CSF plus anti-VEGF resulted in almost
80% tumor growth inhibition (Fig. 1C). Anti-Bv8 had similar
efficacy as anti-G-CSF. LLC tumors showed responses comparable with those observed in EL4 tumors (Fig. 1D). Monotherapy with anti-G-CSF or anti-Bv8 reduced terminal tumor
size by ⬇30%, similar to anti-VEGF. Combination treatments
(anti-Bv8 plus anti-VEGF or anti-G-CSF plus anti-VEGF)
caused a significant reduction in terminal tumor volume
(⬇60%). These data suggest a role for G-CSF and Bv8 in
mediating refractoriness to anti-VEGF treatment.
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Fig. 1.
Anti-G-CSF or anti-Bv8 treatments inhibit growth of refractory
tumors. Balb-c nude mice [n ⫽ 10; 3 ⫻ 106 cells per mouse] were s.c. implanted
with B16F1 (A), Tib6 (B), EL4 (C), or LLC (D) cells. Mice were treated with control
IgG, anti-VEGF, anti-Bv8, anti-G-CSF, anti-Bv8 plus anti-VEGF, or anti-G-CSF
plus anti-VEGF, as described in Methods. Tumor volume was measured at
several time points as indicated, starting at day 1 posttumor cell inoculation.
Graphs represent mean tumor volume ⫾ SEM. *, significant difference (P ⬍
0.05) in tumor volume when comparing each treatment vs. corresponding
control-treated tumors. , significant difference (P ⬍ 0.05) when comparing
combination treatments (anti-Bv8 plus anti-VEGF or anti-G-CSF plus antiVEGF) with anti-VEGF monotherapy.
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monocyte/macrophages, and neutrophils, respectively (Fig. 3; SI
Methods and Fig. S4). Histological observations were consistent
with FACS data, because refractory tumors showed greater
infiltration of monocytes and neutrophils in control- and antiVEGF-treated groups compared with sensitive tumors (Fig. 3A).
Interestingly, we did not observe any difference in CD11b⫹Gr1⫹
cells between anti-Bv8 treated and control treated groups.
However, EL4 and LLC sections from anti-Bv8 or anti-G-CSFtreated animals displayed a significant reduction in vascular
surface area (VSA) in both monotherapy and combination
treatment (Fig. 3B; Fig. S4). Therefore, even though anti-Bv8 did
not markedly affect homing of myeloid cells in refractory tumors,
it reduced tumor angiogenesis. In sensitive tumors, VSA measurement did not reveal any significant difference between
anti-Bv8 or anti-G-CSF and control-treated tumors. AntiVEGF-treated sensitive tumors showed a significant reduction in
VSA compared with control-treated groups (Fig. 3B). This
antivascular effect was not augmented by anti-Bv8 or anti-GCSF. In contrast, refractory tumors showed a significant reduction in VSA in response to anti-Bv8 or anti-G-CSF treatment
compared with control-treated tumors. Combination therapies
(anti-VEGF with anti-Bv8 or anti-VEGF plus anti-G-CSF)
6744 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0902280106

Fig. 3. Anti-Bv8 or anti-G-CSF reduces tumor angiogenesis. (A) Sections from tumors treated with mono
or combination treatments were stained with antiCD31 (shown in red), anti-CD11b (shown in green), and
anti-Gr1 (shown in pink) antibodies as described in SI
Methods. Images of tumors (20⫻) were taken in a Zeiss
confocal microscope. Due to space limitation, images
from the control, anti-VEGF, anti-G-CSF, and combination of anti-VEGF and anti-G-CSF treatments have been
included here. Images from other treatment groups
are shown in Fig. S4. Consistent with FACS data (Fig.
2A), anti-G-CSF treatment significantly reduced
CD11b⫹Gr1⫹ cells in the tumors. (B) Quantification of
tumor vasculature indicated that anti-G-CSF or antiBv8 inhibits angiogenesis as monotherapy or in combination with anti-VEGF in refractory tumors. By using
ImageJ, areas of CD31⫹ in each section were measured
in 20 –25 images from each treatment (n ⫽ 3). Bars
represent the mean VSA ⫾ SEM in each treatment. *,
significant difference (P ⬍ 0.05) when comparing VSA
in mono or combination therapy vs. controls. , difference in combination treatment vs. anti-VEGF alone is
significant (P ⬍ 0.05).

induced a significant reduction in VSA compared with antiVEGF monotherapy, further suggesting an antiangiogenic
mechanism for anti-Bv8 or anti-G-CSF (Fig. 3; Fig. S4). In
agreement with these conclusions, G-CSF, anti-G-CSF, Bv8, or
anti-Bv8 had no effect on the in vitro proliferation of the tumor
cells used in this study (Fig. S5). Also, by using RT-PCR,
expression of G-CSF receptor was not detected in any of the
tumor cell lines tested.
Higher Concentrations of G-CSF and Bv8 in Refractory Tumors. We

measured the concentrations of Bv8, G-CSF, and other cytokines (GM-CSF, SDF1␣, and PlGF) in sensitive or refractory
tumors (Fig. 4; SI Methods). GM-CSF is implicated in differentiation of hematopoietic progenitors (27) and in angiogenesis
(28). SDF1␣ is abundant in tumor-associated fibroblasts, and has
been implicated in recruitment of CXCR4⫹ cells to the tumors
resulting in enhanced tumor angiogenesis (29). A recent study
suggested a role for PlGF in mediating refractoriness to antiVEGF treatment (30). However, quantitative analysis indicated
that, among the above cytokines, G-CSF and Bv8 are the most
enriched in the plasma and tumors in animals bearing refractory
tumors. Other cytokines were either undetectable or were not
Shojaei et al.
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Fig. 4. G-CSF and Bv8 are increased in refractory tumors. (A) Cytokine levels in
the CM of tumor cells lines. All cell lines were incubated in DMEM plus 10% FBS
for 72 h. CM were then collected and concentrated by Amicon Spin Columns
(10-kDa MW cutoff; Millipore). Levels of GM-CSF, SDF1␣, PlGF, Bv8, and G-CSF
were measured by ELISA. (B and C) Balb-c nude mice were implanted with
sensitive or refractory tumors as described, and were treated with control or
anti-VEGF mAbs. By using ELISA, levels of GM-CSF, SDF1␣, PlGF, Bv8, and G-CSF
were quantified in the tumors (B) and plasma (C). *, significant difference (P ⬍
0.05) when comparing levels of each cytokine in refractory tumors in the control/
anti-VEGF treated mice with the corresponding ones in sensitive tumors.

significantly different in sensitive vs. refractory tumors. Very low
levels of GM-CSF were detectable in all tumors, whereas PlGF
and SDF-1␣ were detectable at higher concentrations in all
tumor types, irrespective of the treatment. Interestingly, levels of
G-CSF in tumor homogenates from LLC tumors were markedly
higher than those from EL4 tumors, providing a possible explanation for the quantitative differences in the frequency of
CD11b⫹Gr1⫹ between the 2 tumor types (Fig. 4B). To determine whether the tumor cells or the stroma is the source of these
cytokines, we measured their concentrations in the conditioned
media (CM) from cultured sensitive or refractory cells (Fig. 4A).
However, neither SDF1␣ nor Bv8 was secreted by any of the
tumor cells. Therefore, stromal cells such as tumor associated
Shojaei et al.

fibroblasts or myeloid cells are a likely source of these cytokines.
Interestingly, G-CSF was detectable in LLC-CM, but not in
EL4-CM, raising the possibility that tumor stroma is a source of
G-CSF in EL4 tumors. In agreement with this hypothesis, initial
observations indicated that fibroblasts isolated from EL4 tumors
(31) release in the medium significant amounts of G-CSF. Also,
GM-CSF was enriched in the CM of EL4 and LLC cells, but not
in the CM of sensitive cell lines. Last, PlGF was present in the
CM of B16F1 and LLC cells, but not other sensitive/refractory
cells.
Analysis of the same cytokines in plasma confirmed that only Bv8
and G-CSF were significantly increased in mice harboring refractory tumors (Fig. 4C). Interestingly, PlGF was not detected in the
plasma, despite the fact that significant amounts were measured in
some tumors (Fig. 4B), suggesting that this molecule is mostly
retained in the local microenvironment, possibly due to its heparinbinding properties. Bv8 measurements in BMMNCs were in agreement with tumor data, because refractory tumors were associated
with higher (P ⬍ 0.05) levels of Bv8 compared with sensitive ones
(Fig. S6).
G-CSF Reduces Responsiveness to Anti-VEGF in a Sensitive Tumor. GCSF has been shown to promote tumor growth and angiogenesis in
some experimental models (24). We tested whether G-CSF delivery
might confer some resistance to anti-VEGF treatment. For this
purpose, mice bearing B16F1 tumors received recombinant G-CSF,
and were subsequently treated with control or anti-VEGF antibodies (Fig. 5A). G-CSF treatment was associated with reduced response to anti-VEGF, because tumor volume in G-CSF-treated
mice was significantly greater than the volume in PBS treated
animals. Similar results were observed in Tib6 tumors. G-CSF
treatment resulted in a significant increase in the frequency of
CD11b⫹Gr1⫹ cells in the tumors, PB, and BMMNCs (Fig. 5 B–E).
Using flow cytometry (SI Methods), we detected an increase in
tumor endothelial cells (CD31⫹CD45neg) in anti-VEGF treated
mice that had received G-CSF compared with PBS.
We also transfected B16F1 cells with a G-CSF expression vector
to create B16F1-G-CSF cells. B16F1-G-CSF tumors exhibited a
reduced response to anti-VEGF compared with vector-transfected
control tumors, which showed a nearly complete suppression by
such treatment (Fig. 5F). Interestingly, anti-Bv8 treatment, which
had almost no effect on the growth of the vector control group,
inhibited growth of B16F1-G-CSF tumors by ⬇50% (Fig. 5F),
suggesting again a role for Bv8 as a mediator of G-CSF effects. As
shown in Fig. 5 G and H, G-CSF-B16F1 transduced tumors
contained dramatically higher amounts of G-CSF and Bv8 compared with controls. Anti-VEGF treatment reduced such increases,
coincident with a smaller tumor mass. Also, as expected, G-CSF
transfection was associated with markedly increased Bv8 levels in
the BM (Fig. 5I). Therefore, G-CSF is sufficient to mediate
refractoriness to anti-VEGF treatment through induction of Bv8mediated angiogenesis.

Discussion
Previous studies indicated that tumor-associated CD11b⫹Gr1⫹
myeloid cells can confer refractoriness to anti-VEGF in mouse
models (14). Therefore, identification of factors resulting in the
recruitment/activation of these cells might yield therapeutic targets.
Our earlier studies suggested that members of the VEGF family
that interact selectively with VEGFR-1 (PlGF or VEGF-B) are
unlikely to mediate myeloid cell recruitment and refractoriness to
anti-VEGF in the same models (14).
Several studies have shown that CD11b⫹Gr1⫹ cells (or their
functional counterparts) are frequently increased in tumor-bearing
animals and in cancer patients. These cells have been reported to
promote angiogenesis, and to suppress various T cell-mediated
functions; thus, facilitating tumor-induced immune tolerance (11–
13, 33–35). Numerous factors have been implicated in the recruitPNAS 兩 April 21, 2009 兩 vol. 106 兩 no. 16 兩 6745
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Fig. 5. G-CSF reduces responsiveness to anti-VEGF. (A) Balb-c nude mice (n ⫽ 10) were implanted with B16F1 cells [3 ⫻ 106 cells per mouse]. Mice received recombinant
G-CSF or PBS i.p. for the first 4 days after tumor implantation and then at alternative days. Treatment with anti-VEGF or control mAbs was started at day 5 after tumor
cell inoculation. Data represent mean tumor volumes ⫾ SEM, and asterisks indicate significant difference when comparing G-CSF treated tumors in anti-VEGF treated
mice vs. the corresponding control group. (B–E) Frequency of CD11b⫹Gr1⫹ cells in the tumors (B), PB (C), BMMNCs (D), and tumor-associated endothelial cells
(CD31⫹CD45neg; E) were measured by using the same FACS technique as described. Asterisks indicate a significant difference (P ⬍ 0.05) when comparing myeloid cells
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significant difference in B16F1-G-CSF tumors treated with anti-Bv8 or anti-VEGF vs. corresponding groups in the Vector tumors. (G–I) By using ELISA, levels of G-CSF (G)
and Bv8 (H) in the tumors, and Bv8 in BMMNCs (I) were measured in all of the treatment groups. G-CSF is highly expressed in tumors derived from the G-CSF transfected
lines, resulting in higher expression of Bv8 in tumors and BM. Note that the presence of anti-Bv8 antibodies may interfere with Bv8 measurements by ELISA.

ment and activation of CD11b⫹Gr1⫹ cells, including GM-CSF,
M-CSF, IL-6, etc. (32). However, a clear link between
CD11b⫹Gr1⫹ cells and G-CSF has yet to be established (32).
Some observations suggest that G-CSF has a role in angiogenesis. Administration of G-CSF has been reported to facilitate
tissue repair in various ischemic conditions (36, 37). In addition,
a few studies suggest that G-CSF is implicated in tumor angiogenesis. G-CSF (and GM-CSF) promoted tumor growth in a skin
carcinoma model through paracrine action on stromal cells (38).
Also, G-CSF administration to tumor-bearing mice enhanced
tumor growth through recruitment of endothelial progenitor
cells (24). Furthermore, high G-CSF productions have been
associated with several malignancies, including head and neck
(39), lung (40), and bladder (41) carcinomas.
In our models, Bv8 and G-CSF were preferentially expressed
in the refractory tumors. Other cytokines implicated in hematopoietic cell mobilization/angiogenesis such as GM-CSF,
SDF1␣, and PLGF were either undetectable or similarly ex6746 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0902280106

pressed in both sensitive and refractory tumors. Both anti-Bv8
and anti-G-CSF inhibited growth of refractory tumors in single
or combination treatments. However, only anti-G-CSF treatment resulted in a dramatic suppression in the number of
circulating and tumor-associated CD11b⫹Gr1⫹ cells. Our data
point to the conclusion that Bv8 primarily functions as a local
regulator of angiogenesis, because anti-Bv8 treatment did not
markedly affect circulating myeloid cells, likely due to the high
G-CSF levels, especially in LLC. Indeed, the inability of anti-Bv8
to reduce CD11b⫹Gr1⫹ cells in such refractory tumors appears
consistent with our earlier observation that blocking Bv8 reduces
the increases in circulating CD11b⫹Gr1⫹ cells in response to a
low but not to a maximal dose of G-CSF (19). In contrast,
anti-G-CSF significantly reduced both myeloid cell mobilization
and tumor angiogenesis.
G-CSF, delivered by 2 different modalities, did not significantly enhance tumor growth in the model examined, but
resulted in reduced responsiveness to anti-VEGF treatment.
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In conclusion, our study shows that targeting G-CSF, a key
regulator of hematopoiesis, results in growth inhibition in some
tumors. We also show that G-CSF can be involved in the development of refractoriness to an anti-VEGF agent.
Methods
BALB/c nude mice (6 – 8 weeks) were purchased from Charles River, and were
maintained under the guidelines of the Genentech animal care facility. For tumor
cell inoculation, mice were anesthetized by using isoflurane inhalation, and were
s.c. implanted with 3.5 ⫻ 106 cells in 100 L of growth factor-reduced matrigel (BD
BioScience). B16F1, Tib6, EL4, and LLC cell lines were purchased from ATCC, and
were routinely grown in DMEM (GIBCO BRL, Invitrogen), supplemented with
10% serum and 2 mM glutamine. Neutralizing anti-mouse G-CSF mAb (MAB414)
and the matching Isotype IgG control (R & D Systems) were administered at the
dose of 10 g/day. Mouse anti-Bv8 mAbs 2B9 plus 3F1 or control anti-Ragweed
mAb (hereafter control) were administered at the total dose or 10 mg/kg by i.p.
route of administration as described (19). Hamster anti-mouse Bv8 mAb 2D3, an
antibody suitable for immunoneutralization and immunohistochemistry (IHC)
(Genentech), was administered at the dose of 10 mg/kg twice weekly. Anti-VEGF
mAb G6 –31has been previously described (44), and was administered at the dose
of 5 mg/kg twice a week. Mice were killed when tumors reached ⬇2,000 mm (3).
For gain-of-function studies, rhG-CSF (Amgen) was i.p administered at the dose
of 10 g per mouse for 4 consecutive days, followed by treatment on alternate
days. In all experiments, tumor volumes were measured by using a caliper, as
described (14).
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Administration of an anti-Bv8 antibody to mice bearing G-CSF
expressing cells significantly reduced tumor growth. This finding
points to a role for Bv8 in mediating the proangiogenic effects
of G-CSF. Studies are required to further dissect the roles of Bv8
vs. G-CSF in tumor growth.
G-CSF is widely used in cancer therapy, and its use has dramatically reduced the risks associated with chemotherapy-induced
neutropenia and facilitated delivery of maximally effective doses of
cytotoxic agents (42, 43). Nevertheless, ours and other investigators’
findings suggest that G-CSF may, in some circumstances, facilitate
tumor angiogenesis. In particular, our results raise the possibility
that G-CSF administration may result in reduced responsiveness to
an anti-VEGF agent. Considering the widespread clinical use of
both G-CSF and VEGF pathway inhibitors, further studies are
warranted to investigate these issues.
Although our data demonstrate that an anti-G-CSF or anti-Bv8
neutralizing antibodies can reduce tumor growth and be additive to
anti-VEGF, such combinations did not completely block tumor
growth, suggesting that additional mechanisms are likely to be
involved in VEGF-independent angiogenesis. Very recently, we
identified an additional proangiogenic mechanism in the EL-4
model, mediated by PDGF-C up-regulation in tumor-associated
fibroblasts (31). These findings suggest that, even within the same
tumor, multiple molecular and cellular mechanisms resulting in
VEGF-independent angiogenesis may coexist.

