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Vascular endothelial growth factor (VEGF) is an essential regulator of normal and abnormal blood vessel growth. A monoclonal

antibody (mAb) that targets VEGF suppresses tumor growth in murine cancer models and human patients. We investigated

cellular and molecular events that mediate refractoriness of tumors to anti-angiogenic therapy. Inherent anti-VEGF refractori-

ness is associated with infiltration of the tumor tissue by CD11b+Gr1+ myeloid cells. Recruitment of these myeloid cells is also

sufficient to confer refractoriness. Combining anti-VEGF treatment with a mAb that targets myeloid cells inhibits growth of

refractory tumors more effectively than anti-VEGF alone. Gene expression analysis in CD11b+Gr1+ cells isolated from the bone

marrow of mice bearing refractory tumors reveals higher expression of a distinct set of genes known to be implicated in active

mobilization and recruitment of myeloid cells. These findings indicate that, in our models, refractoriness to anti-VEGF treatment

is determined by the ability of tumors to prime and recruit CD11b+Gr1+ cells.

The ability of therapeutic agents to inhibit tumor growth is frequently
limited by the development of resistance. Several mechanisms of
intrinsic refractoriness or resistance to various cytotoxic agents have
been identified in tumor cells1. There is growing evidence that host
stromal–tumor cell interactions play an important role in tumor
growth, as stromal cells may secrete a variety of angiogenic factors.
In addition, the view that stromal cells are genetically stable has
recently been challenged2,3. Therefore, stromal–tumor cell interactions
might contribute to both inherent refractoriness and acquired resis-
tance to anti-angiogenic treatments.

VEGF-A is a well-characterized regulator of angiogenesis and
several anti-VEGF strategies have been implemented4,5. VEGF-A
blockade using the humanized anti-VEGF-A monoclonal antibody
(mAb) bevacizumab (Avastin) or its murine precursor significantly
inhibited angiogenesis and growth of human tumor xenografts6.
However, the degree of inhibition varied among different tumor cell
lines. Furthermore, the effects were most pronounced when the
treatment was started at early stages of tumor growth. The molecular
and cellular events underlying refractoriness or resistance to anti-
VEGF are incompletely understood6. Tumor cell–intrinsic or treat-
ment-induced expression of alternative pro-angiogenic factors during
tumor progression might be implicated7,8. There is considerable
debate regarding the nature of the cell types involved. Tumor-
infiltrating fibroblasts9 and various pro-inflammatory cells have
been reported to secrete factors that promote endothelial cell migra-
tion and survival10.

Here, we conducted a series of studies to elucidate the role of
myeloid cells in responsiveness to anti-VEGF therapy. We found that
priming and recruitment of CD11b+Gr1+ myeloid cells in some tumor

models represents a cellular mechanism that mediates refractoriness to
anti-VEGF treatment. We also show that anti-VEGF therapy in
combination with a mAb that targets CD11b+Gr1+ myeloid cells
partially overcomes refractoriness.

RESULTS

Recruitment of BMMNCs by refractory tumors

We screened several murine tumor cell lines, known to be syngeneic/
poorly immunogenic in C57BL/6 mice, to identify high and low
responders to an anti-VEGF mAb (hereafter anti-VEGF). The cell lines
we chose are derived from a melanoma (B16F1)11, two lymphomas
(EL4 (ref. 12) and TIB6 (ref. 13)) and a lung carcinoma (Lewis Lung
Carcinoma, LLC)14.

To test the hypothesis that responsiveness to anti-VEGF may be
related to tumor recruitment of bone marrow mononuclear cells
(BMMNCs), we reconstituted the hematopoietic system in lethally
irradiated C57BL/6 mice with green fluorescent protein (GFP)–
expressing BMMNCs15. Next, GFP+ chimeric mice were implanted
with tumor cell lines. The growth of TIB6 and B16F1 tumors was
markedly inhibited by anti-VEGF in GFP+ chimeric mice (Fig. 1a). In
contrast, the growth of LLC and EL4 tumors was only modestly and
transiently inhibited. Several independent experiments performed in
both chimeric and non-chimeric mice yielded similar results
(Supplementary Fig. 1 online). At day 14 after inoculation, compared
to the control mAb (hereafter control), anti-VEGF treatment inhibited
tumor growth in TIB6 and B16F1 tumors by 78.3% ± 1.7 (n ¼ 2
experiments) and 73.94% ± 11.08 (n ¼ 7), respectively. Growth of
EL4 and LLC tumors was inhibited 32.4% ± 10.6 (n ¼ 6) and 29.6% ±
6.1 (n ¼ 9), respectively. Therefore, we define TIB6 and B16F1
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tumors as sensitive to anti-VEGF therapy (hereafter ‘sensitive’), and
EL4 and LLC tumors as refractory (hereafter ‘refractory’) to
such treatment.

Tumor isolates from refractory tumors had an increased (Po 0.05)
frequency of GFP+ bone marrow cells in both anti-VEGF– and
control-treated mice compared to isolates from sensitive ones
(Fig. 1b), suggesting that refractoriness to anti-VEGF might
be associated with the recruitment of BMMNCs. It has been pre-
viously proposed that bone marrow cells, including endo-
thelial progenitor cells16 and myeloid cells17, are incorporated
in the tumor vasculature. To determine whether BMMNCs directly
contribute to the vasculature in our models, we stained tumor
sections with CD31 (PECAM) and GFP (Supplementary Fig. 2
online). On day 14 of treatment, and irrespective of the tumor type,
the vast majority of CD31+ vascular structures in anti-VEGF– or
control-treated tumors were devoid of GFP expression (Supplemen-
tary Fig. 2; and data not shown). These findings suggest that
BMMNCs do not significantly contribute to tumor vasculature
in our models. Vascular surface areas (VSA) were significantly
increased in refractory tumors compared to sensitive ones (Fig. 1c),
suggesting that refractoriness is mediated by the development of a
neovascular supply.

To test the possibility that the immune system may affect
such refractoriness, we implanted LLC or EL4 cells in beige
nude X-linked immunodeficient (XID) mice. The growth inhi-
bition induced by anti-VEGF was similar to that observed in
immunocompetent mice (Fig. 1d,e). Conversely, B16F1 and TIB6
tumors were responsive to anti-VEGF treatment in immuno-
deficient mice (data not shown). We also tested whether doses

of anti-VEGF five- or tenfold higher than those routinely
administered achieved greater tumor growth inhibition. However,
the effects of higher doses of anti-VEGF were indistinguishable
from those of the lower dose (Fig. 1d,e). Thus, refractoriness to
anti-VEGF is T-cell– and B-cell–independent and is not caused by
suboptimal dosing.

Importance of priming and recruitment of BMMNCs

We performed admixing experiments (Supplementary Fig. 3 online)
with B16F1 tumors because they are of nonhematopoietic origin
and are sensitive to anti-VEGF. GFP+ cells were isolated from
tumors (Fig. 2a) or the bone marrow (Fig. 2b) of chimeric mice
implanted with refractory or sensitive tumors. Fluorescence-activated
cell sorting (FACS) analysis documented the purity of GFP+ cells in
each compartment.

Admixing B16F1 with BMMNCs primed by refractory
tumors resulted in significant (P o 0.05) growth stimulation
(Fig. 2c,d). In contrast, growth rates of B16F1 tumors were not
significantly affected by admixing with BMMNCs primed by B16F1
tumors or control Matrigel implants (Fig. 2c,d). Therefore, GFP+ cells
from EL4 and LLC tumors mediated refractoriness to anti-VEGF
when admixed with B16F1 tumors (Fig. 2e,f). However, GFP+

BMMNCs, when implanted alone, did not give rise to tumors,
demonstrating the lack of contaminating tumor cells (data not
shown). We conclude that physical proximity between BMMNCs
and sensitive tumors is insufficient to induce refractoriness and
priming, or ‘instruction’ of bone marrow cells by refractory tumors
appears to be a key step in the establishment of VEGF-independent
tumor growth.
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Figure 1 Recruit of BMMNCs by tumor cell lines refractory to anti-

VEGF treatment. (a) Growth curves of TIB6, B16F1, EL4 and LLC
tumors in C57BL/6-GFP bone marrow chimeric mice (n ¼ 5).

Treatment with anti-VEGF or control antibodies was initiated

24 h after tumor cell inoculation. Data shown are mean tumor

volumes ± s.e.m. from one representative out of three independent

experiments. (b) FACS analysis of GFP+ cells in mice bearing TIB6,

B16F1, EL4 and LLC tumors and treated with anti-VEGF or control

antibodies for 17 d (n ¼ 5). * and + indicate significant differences

in the frequency of GFP+ cells when comparing EL4 (*) or

LLC (+) tumors versus corresponding B16F1 or TIB6 tumors.

(c) Quantification of VSA in TIB6, B16F1, EL4 and LLC tumor–

bearing mice treated with anti-VEGF or control for 14 d. Anti-VEGF-

treated TIB6 and B16F1 tumors displayed more pronounced

reductions in VSA than LLC or EL4 tumors. Data shown are means ± s.e.m. of values from 9–15 sections of 3–5 tumors per treatment group. (d) Growth of

EL4 tumors in beige nude XID mice (n ¼ 10) treated with control (10 and 50 mg/kg, intraperitoneally (IP), twice weekly) or anti-VEGF (10 and 50 mg/kg,

IP, twice weekly). Treatment was initiated 24 h after tumor cell inoculation. (e) Growth of LLC tumors (n ¼ 10) in beige nude XID mice as described in b.

Anti-VEGF (10 and 100 mg/kg) and control antibodies (100 mg/kg) were administered IP, twice weekly, respectively. * indicates that tumors from EL4

tumor–bearing mice are significantly different (P o 0.05) from B16F1 and TIB6 tumors. + indicates a significant difference (P o 0.05) between LLC

tumor–bearing mice treated with anti-VEGF or control (where applicable) and similarly treated B16F1 and TIB6 animals.
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CD11b+Gr1+ cells mediate refractoriness to anti-VEGF

BMMNCs comprise a heterogeneous population including cells of
primitive, myeloid and lymphoid lineages18. Therefore, we sought to
determine which subset(s) of BMMNCs plays the major role in
mediating refractoriness to anti-VEGF. Our initial observations
(Fig. 3a–d) suggested that CD11b+Gr1+ cells, representing a subset
of the myeloid population19, are primarily responsible for such
refractoriness. To further test this hypothesis, we performed in vitro
cell migration assays to examine the effects of soluble extracts
(conditioned media) from refractory or sensitive tumors on
BMMNC migration. We found greater (P o 0.05) migration of
bone marrow CD11b+Gr1+ cells toward the soluble extracts of
refractory compared to sensitive tumors (Fig. 3a). This migration
was unaffected by anti-VEGF (10 mg/ml) in the medium, suggesting
that myeloid cell recruitment is tumor-intrinsic, VEGF-independent
and is not induced by the treatment. These results are consistent with
the finding that anti-VEGF treatment did not block BMMNCs
homing into refractory tumors (Fig. 1b).

Flow cytometric analysis of infiltrating BMMNCs from refractory
tumor isolates demonstrated a significant (P o 0.05) enrichment in
CD11b+Gr1+cells compared to sensitive tumors (Fig. 3b and Supple-
mentary Fig. 4a online). Furthermore, we found a higher percentage
(P o 0.05) of CD11b+Gr1+ cells in the bone marrow of mice bearing
refractory tumors (Fig. 3c and Supplementary Fig. 4b).

In addition to CD11b and Gr1, kinetics of other hematopoietic
lineages were investigated (Supplementary Fig. 5 online). A signifi-
cant reduction (P o 0.05) in the frequency of B-lymphoid cells and

dendritic cells was notable in refractory
tumors (Supplementary Fig. 5a). In addi-
tion, we found a reduction in the frequency of
B- and T-lymphoid and dendritic cells in the
bone marrow of mice bearing refractory

tumors compared to bone marrow from mice with sensitive tumors
(Supplementary Fig. 5b). Thus, the increase in the frequency of
myeloid cells in refractory tumors may be associated with a reduction
in other hematopoietic lineages.

Because previous studies suggested that splenic CD11b+Gr1+cells
contribute to tumor expansion20,21, we also examined the spleens of
tumor-bearing mice. In agreement with the findings in bone marrow
and tumors, we found an increase (P o 0.05) in the frequency of
CD11b+Gr1+ cells in spleens and enlarged spleen sizes (P o 0.05) in
mice implanted with refractory tumors compared to sensitive ones
(Supplementary Fig. 6a,b online).

To directly test the ability of myeloid cells to mediate refractoriness
to anti-VEGF, we isolated CD11b+Gr1+ and CD11b–Gr1– subpopula-
tions (Supplementary Fig. 7 online) from the bone marrow of mice
primed with refractory or sensitive tumors and admixed them
with B16F1 tumor cells. In these experiments, we used non-
chimeric C57Bl6 mice, because we had already established the
contribution of BMMNCs in the chimeric model. CD11b+Gr1+ (but
not CD11b–Gr1–) cells primed by refractory tumors promoted refrac-
toriness (Fig. 3d). In contrast, CD11b+Gr1+ cells primed by sensitive
tumors failed to induce refractoriness (Supplementary Fig. 8a
online). Additionally, tumor-associated CD11b+Gr1+ cells isolated
from refractory tumors were able to confer refractoriness to sensitive
tumors (Fig. 3e,f).

We quantified the VSA in B16F1 tumors admixed with bone
marrow CD11b+Gr1+ or CD11b-Gr1- cells to test whether
CD11b+Gr1+ cells have any effects on tumor angiogenesis
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Figure 2 BMMNCs and tumor associated-GFP+

cells from mice bearing EL4 and LLC tumors

contribute to refractoriness to anti-VEGF

treatment. (a,b) Using FACS sorting, GFP+ cells

were isolated from tumors (a) and BMMNCs (b) of

implanted mice. The purity of the GFP+ cells was

confirmed in post-sort analysis. (c) Growth of

2.5 � 106 B16F1 tumor cells when admixed
with 106 BMMNCs isolated from EL4, LLC or

B16F1 tumor-bearing mice and treated with

control. BMMNCs from matrigel-implanted or

from naı̈ve mice served as controls in the

admixing experiments (n ¼ 5) (d) Growth curves

of B16F1 tumors admixed with GFP+ BMMNCs

isolated from EL4, LLC or B16F1 tumor–bearing

mice and treated with anti-VEGF. GFP+ bone

marrow cells from EL4 and LLC (but not B16F1)

tumor–bearing mice significantly increased the

growth of B16F1 tumors (n ¼ 4). Data shown in

a and b are from one representative out of at

least two independent experiments. (e,f) Growth

of 2 � 106 B16F1 tumors admixed with 5 � 105

GFP+ cells isolated from 14-d-old EL4, LLC or

B16F1 tumors treated either with control (e) or

anti-VEGF (f). * and + denote significant

difference (P o 0.05) in tumor volume in

admixing experiments using GFP+ cells isolated
from bone marrow or tumors in mice primed with

EL4 (*) or LLC (+) tumors compared to B16F1

cells alone or admixed with GFP+ cells isolated

from matrigel or B16F1 primed mice.
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(Supplementary Fig. 8b). The VSA in the CD11b+Gr1+ admixture
was significantly (P o 0.05) greater than B16F1 alone or the
admixture with CD11b-Gr1- cells, indicating that CD11b+Gr1+ cells
promote new vessel growth, even in the presence of anti-VEGF.
Therefore, both bone marrow– and tumor-associated CD11b+Gr1+

cells are sufficient to confer refractoriness to anti-VEGF.

Effects of combination therapy on growth in refractory tumors

To corroborate our findings implicating myeloid cells in refractoriness
to anti-VEGF, we aimed at reducing the numbers of Gr1+ myeloid
cells in the peripheral blood, by using an anti-Gr1 mAb (hereafter,
anti-Gr1)22. Anti-Gr1 was tested alone or in combination with
anti-VEGF in mice implanted with EL4 (Fig. 4a,b) or LLC tumors
(Fig. 4c,d). When administered alone, anti-Gr1 treatment significantly
(P o 0.05) reduced the numbers of Gr1+ cells in the peripheral
blood and in the tumors, but did not affect tumor growth and
vascularization of either EL4 or LLC tumors (Fig. 4a–d). However,
combination treatment (anti-VEGF and anti-Gr1) resulted in
a significant difference (P o 0.05) in terminal weight and volume
in EL4 (Fig. 4b) and LLC tumors (Fig. 4d) relative to anti-VEGF
alone. FACS analysis of EL4 (Fig. 4b) and LLC tumor-bearing
animals (Fig. 4d) revealed a significant (P o 0.05) reduction in
Gr1+ myeloid cells in the peripheral blood. In the combination

treatment group, immunohistochemical (IHC) analysis indicated a
reduction in tumor VSA, which correlated with a reduction in tumor
growth rates (Fig. 4c,d). Therefore, one of the possible mechanisms by
which Gr1+ cells promote tumor growth is the induction of angiogen-
esis. Notably, the combination treatment only reduced the amounts of
CD11b+Gr1+ cells within EL4 and LLC tumors, indicating that
targeting the Gr1+ population alone may not be sufficient for
complete myeloablation and thus may account for incomplete
tumor growth inhibition.

Refractoriness is not mediated by PlGF or VEGF-B

To determine whether our findings can be extended to other inhibitors
of the VEGF pathway, we treated mice bearing refractory or sensitive
tumors with mFlt(1-3)-IgG, a high affinity chimeric soluble VEGF
receptor (VEGFR)-1 variant, which neutralizes not only VEGF-A but
also PlGF and VEGF-B23,24. The ‘VEGF-Trap’25, a blocker presently
undergoing clinical development, has the same binding specificity
as mFlt(1-3)-IgG. Analysis of tumor volumes in refractory tumors
(Fig. 5a,b) did not reveal any significant difference in the magnitude
of tumor growth inhibition in the anti-VEGF–treated mice versus the
mFlt(1-3)-IgG group. Sensitive tumors (Fig. 5c,d), however, were
similarly responsive to both anti-VEGF and mFlt(1-3)-IgG. Further-
more, analysis of BMMNCs (Fig. 5e) and tumors (Fig. 5f) did not
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Figure 3 CD11b+Gr1+ cells isolated from mice bearing refractory tumors are a major hematopoietic cell population mediating refractoriness to anti-VEGF

treatment. (a) Numbers of migrated CD11b+Gr1+ cells from freshly isolated BMMNCs after exposure to soluble extracts from control or anti-VEGF-treated

TIB6, B16F1, EL4 and LLC tumors. Refractory tumors induce VEGF-independent migration of bone marrow myeloid cells. (b) Multi-lineage analysis of tumor

isolates from mice implanted with TIB6, B16F1, EL4 and LLC tumors and treated with control or anti-VEGF antibodies. EL4 and LLC, but not TIB6 or

B16F1 tumors, displayed a significant increase in the frequency of tumor associated CD11b+Gr1+ cells. Data shown are from one representative out of two

independent experiments. (c) Multi-lineage analysis of BMMNCs in mice implanted with TIB6, B16F1, EL4 and LLC tumors. Consistent with the data

obtained in tumor isolates (Fig. 3b), there was a significant (P o 0.05) increase in the frequency of CD11b+Gr1+cells in the bone marrow of anti-VEGF-

refractory tumor–bearing mice. Data shown are from one representative out of two independent experiments. (d) Bone marrow CD11b+Gr1+cells play a key

role in mediating resistance to anti-VEGF treatment. Growth curves of B16F1 tumors admixed with EL4- and LLC-primed, bone marrow CD11b+Gr1+cells
and treated with anti-VEGF (n ¼ 5 per group). Data shown are from one representative of two independent experiments. (e,f) Growth curves of B16F1 cells

admixed with tumor-associated CD11b+Gr1+ cells isolated from EL4 (e) and LLC (f) tumor–bearing mice. For admixing experiment, 3 � 105 FACS sorted

CD11b+Gr1+ cells isolated from EL4 or LLC tumor–bearing mice and were admixed with 3 � 106 B16F1 cells and were implanted in C57BL/6 mice

(n ¼ 5). * and + denote significant difference (P o 0.05) in tumor volume in the admixing experiments using CD11b+Gr1+ cells isolated from bone

marrow or tumors of mice primed with EL4 (*) or LLC (+) tumors compared to B16F1 tumors alone or admixed with CD11b-Gr1- cells.
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show any significant difference in the numbers of bone marrow– and
tumor-associated myeloid cells in sensitive or refractory tumors
between the treatment groups. Therefore, although previous studies
implicated VEGFR-1 in the recruitment of subsets of BMMNCs26,27,
our findings suggest that VEGFR-1 activation does not play a
significant role in mediating refractoriness in our models.

Refractoriness to anti-VEGF versus cytotoxic agents

The finding that myeloid cells mediate refractoriness to anti-VEGF
raises the question whether the same population also mediates
resistance to other anti-cancer agents such as cytotoxic chemotherapy.
To address this question, we treated tumor-bearing animals with two
cytotoxic agents, 5-fluorouracil (5FU) and gemcitabine (Gamzar). EL4
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Figure 5 Comparison of the efficacy of anti-VEGF-A mAb and mFlt(1-3)-IgG in refractory and sensitive tumors. (a–d) Mice were implanted with EL4 (a), LLC

(b), B16F1 (c) and TIB6 (d) tumors. Tumor-bearing mice were treated with anti-VEGF-A, mFlt(1-3)-IgG or control antibodies as described. Graphs represent

mean tumor volume ± s.e.m. (e,f) Both anti-VEGF- and mFlt(1-3)-IgG-treated tumors have the ability to recruit myeloid cells. Analysis of bone marrow– and

tumor-associated myeloid cells (e and f, respectively) did not reveal any significant difference in the number of myeloid cells in anti-VEGF- versus mFlt(1-3)-

IgG-treated mice, in either refractory or sensitive tumors.
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Figure 4 Effects of combining anti-VEGF with an anti-Gr1 on the growth of EL4 and LLC tumors.

(a) Growth curves of EL4 tumors in the presence of anti-VEGF treatment (n ¼ 5) or anti-Gr1 (n ¼ 4),

either alone or in combination (anti-VEGF + anti-Gr1; combination). (b) Analysis of VSA by IHC,

frequency of Gr1+ cells in the periphery and tumor and CD31+ cells by FACS and terminal tumor weights

of EL4 tumors after treatment for 17 d as described. In contrast to the almost complete suppression in

circulatory Gr1 cells, only a limited (two- to threefold) reduction in the tumors of anti-Gr1 treated mice

was found. Data are means ± s.e.m. from one representative of at least two independent experiments.

(c) Growth curves of LLC tumors after treatment with anti-VEGF (n ¼ 5) or anti-Gr1 (n ¼ 4), either alone

or in combination (n ¼ 4). (d) Quantification of VSA by IHC, frequency of Gr1+ cells in the periphery and

tumors, frequency of CD31+ cells in tumors by FACS and tumor weights in treated animals. Data are

means ± s.e.m. from one representative of at least two independent experiments. * indicates a significant difference (P o 0.05) between EL4 tumor–bearing

mice treated with anti-VEGF compared and combination-treated animals. + indicates that the means of the differences in LLC tumor–bearing mice treated

with anti-VEGF compared to combination-treated mice is significant (P o 0.05).
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and LLC tumors showed a complete response to 5FU and a partial
response to gemcitabine (Fig. 6a,b). TIB6 tumors were inhibited to a
similar extent by anti-VEGF and each cytotoxic agent (Fig. 6c). In
contrast, B16F1 tumors showed resistance to both 5FU and gemcita-
bine (Fig. 6d). These findings indicate that refractoriness to anti-
VEGF does not predict resistance to chemotherapy. Interestingly,
analysis of bone marrows (Fig. 6e) and tumors (Fig. 6f) showed
complete ablation of CD11b+Gr1+ cells in all of the 5FU-treated mice
and, to a lesser degree, in gemcitabine-treated animals. However,
despite the depletion of myeloid cells in 5FU-treated mice, the growth
rates of B16F1 tumors exceeded those of anti-VEGF–treated tumors,
indicating that distinct mechanisms determine the refractoriness of
tumors to cytotoxic agents versus anti-VEGF. Thus, refractoriness to
anti-VEGF in our models does not reflect general refractoriness/
resistance to anti-cancer treatments.

Distinct gene expression profile in BM CD11b+Gr1+

To gain insight into the molecular mechanisms underlying the
observed functional differences among CD11b+Gr1+ cells, we com-
pared gene expression profiles in both bone marrow and tumors
between refractory and sensitive models. Unsupervised cluster analysis
of gene expression in CD11b+Gr1+ cells from the bone marrow of
mice primed by refractory tumors identified a distinct set of genes
when compared to CD11b+Gr1+ cells from sensitive tumors (Fig. 7a).
This suggests that, whereas major differences in gene expression exist
within the primary tumors (Supplementary Fig. 9a online), profiles
of gene expression in bone marrow myeloid cells displayed similarities

among refractory tumors. Gene ontology revealed enrichment of
inflammatory cytokines and markers of macrophage/myeloid cell
differentiation as well as alterations in the expression of pro- and
antiangiogenic factors by refractory tumors (Fig. 7b). Several such
genes have been associated with the regulation of angiogenesis,
including neurotrophin 5 (ref. 28), phospholipid scramblase (Endo-
Lip)29, angiopoietin-like 6, semaphorin VIb, Eph RA7, Eph RB2 and
FGF13. Thrombospondin-1, an angiogenic inhibitor30, was among the
genes downregulated in the myeloid subset in refractory tumors. Fur-
thermore, IL-4R31, IL-13R32, TLR-1R33 and GM-CSF34 were upreg-
ulated in bone marrow CD11b+Gr1+ cells isolated from mice bearing
refractory tumors. These genes are associated with differentiation and/
or activation of myeloid cells. Interestingly, several genes involved in
the activation/generation of dendritic cells were markedly downregu-
lated in bone marrow CD11b+Gr1+ cells from refractory tumors.
These genes include, CD83, CD48, Crea7 and Dectin-1 (ref. 35), IL-15
(ref. 36) and CX3CR1 (ref. 37). In addition, members of the TGF-beta
superfamily38, including Smad4 and BMPR1A, are among the down-
regulated genes, suggesting a role for the TGF-beta pathway in
regulating activation/differentiation of CD11b+Gr1+ cells in mice
bearing refractory tumors. The gene expression data are also consis-
tent with the multilineage analysis of BMMNCs (Supplementary
Fig. 5a,b), showing a significant (Po 0.05) reduction in the frequency
of CD11c+ cells both in bone marrow and tumors in mice harboring
refractory tumors.

Gene tree analysis in TIB6, B16F1, EL4 and LLC tumors from anti-
VEGF–treated animals revealed a gene-expression profile unique to
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Figure 6 Distinct mechanisms mediate refractoriness to anti-VEGF and chemotherapeutic agents. (a–d) Mice (n ¼ 5) were implanted with EL4 (a), LLC (b),

TIB6 (c) and B16F1 (d) tumors and were then treated with anti-VEGF, control, gemcitabine or 5FU as described. Tumor volumes were measured twice
weekly and all mice were analyzed at day 17. * indicates a significant difference when comparing tumors from anti-VEGF treated mice to tumors from 5FU

or gemcitabine treated animals. (e) Bone marrow cells were isolated from each mouse and were stained with CD11b and Gr1 fluorochrome-conjugated

antibodies. The graph represents the number of bone marrow CD11b+Gr1+cells in each treatment group. (f) Tumor isolates from each mouse were harvested

after 17 d and then were stained with the same antibodies as in e to examine the frequency and the number of CD11b+Gr1+cells in each tumor. Bars
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each tumor type (Supplementary Fig. 9a). However, analysis of
differentially expressed genes (more than twofold, P o 0.05) in
refractory versus sensitive tumors identified several cytokines
known to be involved in the mobilization of BMMNCs including
granulocyte-colony stimulating factor (G-CSF)34, and monocyte
chemoattractant protein (MCP-1)39 (Supplementary Fig. 9b).
Furthermore, factors involved in inflammation such as macrophage

inflammatory protein (MIP-2)40 and IL-1R41 were among the differ-
entially expressed genes. Interestingly, several of the above cytokines
(for example, G-CSF) are also known to be involved in differentiation
and proliferation42 of hematopoietic progenitors to myeloid cells.
Therefore, in addition to priming and promoting mobilization of
hematopoietic cells to the periphery, mice bearing refractory tumors
may share the ability to stimulate myeloid cell differentiation.

a b
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In addition to the microarray analysis, we quantified the expression
of a panel of factors known to be involved in angiogenesis in the
tumors resulting from admixtures of B16F1 and bone marrow
CD11b+Gr1+ cells. Such analysis did not reveal any distinct pattern
between admixing B16F1 with bone marrow CD11b+Gr1+ cells
isolated from refractory or sensitive tumors (Supplementary
Fig. 10 online). These data suggest that refractoriness to anti-VEGF
treatment is unlikely to be mediated by conventional mediators of
angiogenesis and novel factors or pathways may be implicated.

DISCUSSION

We show that recruitment of CD11b+Gr1+cells represents an impor-
tant cellular mechanism underlying refractoriness to anti-VEGF
therapy. We found that some tumors are able to recruit myeloid
cells inherently and independent of treatment. However, it is possible
that in other animal models of cancer or in certain circumstances,
tumors may show resistance to anti-VEGF by acquiring the ability to
recruit myeloid cells. Our data therefore suggest therapeutic regimens
combining VEGF inhibitors with agents interfering with myeloid cell
functions. Selective blockade of myeloid cell chemo-attractants would
be preferable to a global myeloablation strategy, which may result in
prolonged suppression of innate immunity.

Bevacizumab has significant single-agent activity in renal and
ovarian carcinoma patients43. However, combination with cytotoxic
agents had yielded the most promising therapeutic results43. The
molecular and cellular events responsible for the increased therapeutic
benefits resulting from combination treatments are currently under
investigation. Increased drug uptake by tumor cells as a consequence
of vessel ‘‘normalization’’44 and/or interference with endothelial cell
recovery after cytotoxic damage of the tumor vasculature might
account for such additive effects. It is tempting to speculate that
myelo-suppression associated with cytotoxic agents also contributes to
such therapeutic effects. Similar to our observations in mouse tumors,
a reduction in myeloid cell numbers within primary lung tumors
treated with chemotherapy did correlate with increased patient
survival45. Therefore, targeting specific subsets of myeloid cells may
increase the therapeutic benefit and perhaps prevent some of the side
effects of global myeloablation by cytotoxic agents.

In conclusion, our studies identify potential cellular and molecular
mechanisms mediating refractoriness to anti-VEGF therapy. Future
studies will focus on the characterization of target molecules identified
in the gene array analysis, their contribution to tumor expansion and
specifically to refractoriness to anti-VEGF therapy.

METHODS
Cell lines. The EL4, LLC, B16F1 and TIB6 tumor cell lines were obtained from

the American Type Culture Collection (ATCC) and cultured in high-glucose

Dulbecco’s Modified Medium (DMEM) supplemented with 10% FBS and

2 mM glutamine.

Inhibitors. Anti-VEGF mAb G6.23, which was initially derived from

humanized Fab phage libraries, binds to and neutralizes murine and human

VEGF-A46. This mAb had been previously shown to potently suppress

angiogenesis associated with tumor47 and neonatal48 growth. For administration

to immunocompetent mice, full-length reverse murine chimeric antibodies were

generated by grafting the VH and VL variable domains onto the constant

regions of murine IgG2a. Similar to a previous study48, mAb G6.23 was given at

the dose of 10 mg/kg, IP, twice weekly, unless indicated otherwise. Isotype-

matched control antibody was mouse anti-Ragweed (IgG2a) (Genentech). The

anti-Gr-1 mAb (BD BioSciences) was administered at 10 mg/kg, IP, twice weekly.

Tumor measurements were performed twice weekly and terminal tumor weights

were determined as described below.

The mFlt(1-3)-IgG is a chimeric protein composed of the first three Ig-like

domains of murine VEGFR-1 fused to a mouse Fc (g2B)23,24. Earlier studies

have shown that mFlt(1-3)-IgG dramatically suppresses tumor growth when

administered IP to mice at 25 mg/kg/d, starting 24 h after tumor cell

inoculation49. The same regimen was used in the present studies.

To investigate the effects of cytotoxic agents, TIB6, B16F1, EL4 or LLC cells

were implanted into C57BL/6 mice. To allow tumor establishment, treatments

were initiated 4 d after tumor cell inoculation. Agents tested were 5FU

(American Pharmaceutical Partner; 50 mg/kg/week) and gemcitabine (Eli Lilly;

120 mg/kg, twice a week). Both agents were administered IP. Tumor volumes

were measured twice weekly and were calculated as described above.

C57BL/6 GFP chimeric mouse model. C57BL/6 (6–8 weeks) and GFP

transgenic mice (C57BL/6-ACTbEGFP) were obtained from Charles River

Laboratories and Jackson Laboratories, respectively. GFP expression is driven

by beta-actin promoter and is expressed in most cells in GFP transgenic mice15.

C57BL/6 GFP chimeric mice were generated by lethal irradiation (1100 Gy,

Cs-irradiator) of C57BL/6 mice to ablate endogenous BMMNCs in the host,

followed by rescue with 5 � 106 BMMNCs isolated from GFP transgenic mice.

BMMNCs were prepared as previously described50. All tumor implantation

experiments in chimeric mice were performed 4 weeks after hematopoietic

reconstitution. For tumor growth experiments, each cell line was injected

subcutaneously in the dorsal flank area. For experiments in XID mice, 1 � 107

LLC or EL4 cells were implanted.

B16F1 admixing experiments. Tumor growth studies were performed in

C57BL/6 mice, GFP bone marrow chimeric mice and beige nude XID or

5 � 106 or 107 tumor cells (as indicated) were resuspended in 200 ml of

Matrigel (Growth Factor reduced) and injected subcutaneously in the dorsal

flank of mice. For B16F1 admixing experiments, BMMNCs (whole bone

marrow or CD11b+Gr1+) or GFP+ tumor–associated cells (all GFP+ or

GFP+CD11b+Gr1+) were isolated, mixed with B16F1 cells in 200 ml Matrigel

(BD BioSciences) and were implanted in the flank of C57BL/6 mice. Anti-

VEGF or control treatment was initiated 4 d after tumor cell inoculation to

allow the establishment of bone marrow-tumor crosstalk. Tumor size was

assessed using Vernier calipers 2–3 times per week after tumors reached a

palpable size. Tumor volume was determined using the Pi/6 � L � W � W

formula with L as the longest diameter and W the diameter at the position

perpendicular to L.

Immunohistochemistry. Tumor samples were frozen in Optimum Cutting

Temperature (OCT, Sakura Finetek) medium, were cut (6 mm) in a cryostat

(Leica Microsystem) and were frozen at –20 1C. For IHC staining, sections

were dried at 20 1C for 1 h and then fixed in acetone for 10 min at �20 1C.

After air-drying for 4 min at 20 1C, the nonspecific binding sites were blocked

by incubation for 1 h at 20 1C in 20% normal goat serum (GIBCO BRL).

Sections were stained sequentially with the following antibodies diluted in

DAKO Block solution (DakoCytomation): rabbit anti-GFP AlexaFluor 488

conjugate (Molecular Probes), 20 mg/ml, for 1 h at 20 1C, goat anti-rabbit

AlexaFluor 488 conjugate, 1:500 dilution for 1 h at 20 1C, rat anti-mouse

PECAM-1 (Clone MEC13.3; BD Pharmingen) at 1:100 dilution overnight at

4 1C, and goat anti-rat AlexaFluor 594 conjugate (Molecular Probes), 1:500

dilution for 1 h at 20 1C. The slides were washed and mounted in DAKO

fluorescent mounting medium, and immunofluorescence images were collected

on an AxioPhot microscope equipped with a Plan-Apochromat 20 � objective

and digitally merged.

VSA measurement. Tumor VSA was quantified from digital images of CD31-

stained sections using a 20 � objective. The pixels corresponding to stained

vessels were selected by using ImageJ Software, using a predetermined threshold

set at 50–70 as cutoff. Contaminating (non-vessel) stray pixels were eliminated.

Unless indicated otherwise, a total of 3–5 tumors per group were analyzed.

A total of 15 images were taken from each tumor section, covering an area of

1,502 mm2. Unless indicated otherwise, background staining of each group was

determined by using a labeled control antibody and subtracted from the total

vessel counts. The aggregate pixel vessel area, relative to the total picture area

and total area analyzed, is reported as % vessel/surface area.
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Flow cytometry. Tumors from control- and anti-VEGF–treated mice were

isolated and single cell suspensions were obtained by mincing tumors with

razor blades and homogenizing by mechanical disruption. BMMNCs were

flushed from femur and tibia of implanted animals and red blood cells were

lysed using ACK lysis buffer (Cambrex). Peripheral blood was collected by

retro-orbital bleed and 40 ml of peripheral blood was pretreated with ACK

buffer for red blood cells lysis.

Cells from bone marrow, tumor or peripheral blood were stained with a

series of mAbs, specific for CD11b, Gr1, CD19, CD90, VEGFR2 (all from

BD BioSciences), VEGFR1 (R&D), along with isotype-matched control to

investigate the myeloid and lymphoid fractions in each compartment. FACS

data were acquired on FACScalibur and analyzed by Cell Quest Pro software

(BD Biosciences).

To isolate GFP+ cells, single-cell suspensions were obtained from the bone

marrow or tumors of implanted mice and were stained with anti-CD11b

conjugated to APC and anti-Gr1 conjugated to PE. Populations of

CD11b+Gr1+and CD11b–Gr1– cells were isolated in a FACS Vantage machine

and post-sort analysis ensured the purity of the population of interest in

each compartment.

Cell migration assay. Tumor cells were isolated from tumor-bearing mice

(day 14 after implantation) as described for FACS analysis and plated at the

density of 1 � 106 cells/ml in DMEM, 10% FCS and 4 mM glutamine. After 4 d

in a tissue culture incubator (5% CO2), soluble extracts (conditioned medium)

from each cell line were concentrated using Amicon spin columns (Millipore,

M.W cutoff 10 kDa). For migration assay, 600 ml of triplicate samples were

added to the bottom wells in transwell cell migration plates (Corning). De novo

isolated BMMNCs (2.5 � 104) from C57BL/6 mice were resuspended in

DMEM and were placed on the top chamber of the transwells. Plates were

incubated at 37 1C for 9 h and migration capacity was measured by counting

BMMNCs in the bottom chamber.

Microarray. RNA from bone marrow CD11b+Gr1+ cells was isolated using

Qiagen Rneasy kit (Qiagen). Complementary RNA (cRNA) preparation and

hybridization/scanning of the arrays were performed using protocols provided

by Affymetrix. Briefly, five mg of total RNA was converted into double-stranded

cDNA using a cDNA synthesis kit (SuperScript Choice, GIBCO/BRL) and a

T7-(dT)24 oligomer primer (Biosearch Technologies, Custom Synthesis).

Double-stranded cDNA was purified on an affinity resin (Sample Cleanup

Module Kit, Affymetrix) and by ethanol precipitation. After second-strand

synthesis, labeled cRNA was generated from the cDNA sample using a T7 RNA

polymerase and biotin-labeled nucleotide in an in vitro transcription reaction

(Enzo Biochem). The labeled cRNA was purified on an affinity resin.

The amount of labeled cRNA was determined by measuring absorbance at

260 nm and using the convention that 1 OD at 260 nm corresponds to

40 mg/ml of RNA. Twenty mg of cRNA was fragmented by incubating at 94 1C

for 30 min in 40 mM Tris-acetate (pH 8.1), 100 mM potassium acetate and

30 mM magnesium acetate. Samples were then hybridized to Whole Mouse

Genome 430 2.0 arrays at 45 1C for 19 h in a rotisserie oven set at 60 r.p.m.

Arrays were washed, stained and scanned in the Affymetrix Fluidics station

and scanner. Data analysis was performed using Spotfire software. Next,

genes that were significantly (P o 0.05) differentially (more than 1.5-fold in

CD11b analysis and more than twofold in tumor analysis) expressed in EL4

and LLC samples compared to the corresponding TIB6 and B16F1 group

were selected for final analysis. Hierarchical gene cluster analysis was

performed on all tumor and CD11b data using algorithms in Spotfire

(Spotfire) software.

Real-time RT PCR. Total RNA was extracted from tumors using the RNeasy

Mini Kit (Qiagen) along with on-column DNAseI digestion. For Taqman

analysis, 100 ng of the total RNA was used per reaction. Experiments were

performed in optical 96-well reaction plate and on a 9600 Emulation mode of

7500 Real time PCR machine (Applied Biosystems) using protocols provided

by the manufacturer. The expression level of each gene (sequence primers are in

Supplementary Table 1 online) was further quantified against the house-

keeping gene GAPDH in the same sample as described49. PCR conditions

contained 30 min at 48 1C, 10 min at 95 1C, and 40 cycles of 15 s at 95 1C and

of 60 s at 60 1C. Samples were prepared from the pool of five samples for each

treatment and were run in triplicate.

Statistics. Student’s t-test was used to determine significant differences in all

experiments. A P value of r 0.05 was considered significant.

Note: Supplementary information is available on the Nature Biotechnology website.
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