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Priming of the organ-specific premetastatic sites is thought to be an
important yet incompletely understood step during metastasis. In
this study, we show that the metastatic tumors we examined
overexpress granulocyte-colony stimulating factor (G-CSF), which
expands and mobilizes Ly6G+Ly6C+ granulocytes and facilitates
their subsequent homing at distant organs even before the arrival
of tumor cells. Moreover, G-CSF-mobilized Ly6G+Ly6C+ cells pro-
duce the Bv8 protein, which has been implicated in angiogenesis
and mobilization of myeloid cells. Anti-G-CSF or anti-Bv8 antibodies
significantly reduced lung metastasis. Transplantation of Bv8 null
fetal liver cells into lethally irradiated hosts also reduced metastasis.
We identified an unexpected role for Bv8: the ability to stimulate
tumor cell migration through activation of one of the Bv8 receptors,
prokineticin receptor (PKR)-1. Finally, we show that administration
of recombinant G-CSF is sufficient to increase the numbers of Ly6G+
Ly6C+ cells in organ-specific metastatic sites and results in enhanced
metastatic ability of several tumors.
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M etastasis is a major cause of death from solid tumors. To
metastasize, tumor cells need to degrade and invade the
extracellular matrix, intravasate, be carried through blood or
lymphatic vessels, extravasate at the secondary site, and finally,
establish secondary tumors (1). In addition, recent evidences
suggest that, at least in some circumstances, tumors are able to
modify the distant microenvironment before arrival of metastatic
tumor cells to create the so-called premetastatic niche (2). This
ability of tumors to affect distant tissues is expected to enable
cancer cells to target specific organs in which they can initiate
secondary tumor growth and supports Paget’s seed and soil hy-
pothesis. Bone marrow-derived cells (BMDCs) are thought to be
major players in these processes (3, 4). Although several molecules
have been implicated (3—6), the mechanisms of tumor-dependent
BMDC mobilization and the precise identity and significance of
these cells in metastasis are incompletely understood.

VEGFR-1, a tyrosine kinase receptor that binds VEGF-A,
VEGF-B, and placenta growth factor (7, 8), has been implicated
as one of the key regulators of BMDC mobilization and premeta-
static priming owing to its expression in a population of hemato-
poietic progenitor cells and the ability of anti-VEGFR-1 antibodies
to reduce metastasis (3). However, more recent studies have ques-
tioned this conclusion and reported that anti-VEGFR-1 treatment
has no effect in clinically relevant models of metastasis, raising the
possibility that alternative pathways mediate tissue priming for me-
tastasis (9). Therefore, key challenges are further defining the mo-
lecular and cellular changes occurring in the premetastatic tissues
and identifying the factors initiating such premetastatic environment.

In the present study, we analyzed several metastatic and non-
metastatic breast cancer models for their ability to trigger BMDC
mobilization. This analysis led to identification of Ly6G+Ly6C+
myeloid cells as a major cell type that accumulates in premetas-
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tatic tissues and facilitates colonization by cancer cells and sub-
sequent metastasis. We also identified tumor-derived granulocyte-
colony stimulating factor (G-CSF) as a key initiator and regulator
of these processes.

Results

Metastatic Tumors Induce Gene Expression Changes in Premetastatic
Lungs. To investigate changes triggered by primary tumors in lungs
before the arrival of metastatic tumor cells, we initially used the
4T1-related lines of mouse breast carcinoma as a model (10, 11).
These cells provide a phenotypic spectrum ranging from non-
metastatic cells (67NR and 168FARN) to cells able to complete all
steps of metastasis (4TO7, 66c14, and 4T1) (Fig. S14). We per-
formed cDNA microarray comparing total lungs from mice without
any tumors (naive) with those from mice bearing nonmetastatic
(67NR) or metastatic (4T1) breast carcinomas in the premetastatic
phase (Fig. 14 and SI Text, Defining the Premetastatic Lungs). Our
analysis identified 260 genes specifically up-regulated and 274
genes down-regulated more than twofold in lungs of mice bearing
4T1 tumors relative to lungs of naive mice or mice bearing non-
metastatic 67NR tumors (Fig. 14). We decided to focus on BvS,
because it was one of the top up-regulated genes (Fig. S1D). Bv8 is
a secreted protein that has been previously characterized as
a proangiogenic factor (12), an inducer of growth and mobilization
of hematopoietic cells (13), and a neuromodulator (14, 15).
Quantitative (q)RT-PCR analysis of Bv8 expression in lung tissues
confirmed the microarray results (Fig. S1E). Moreover, we found
a strong correlation between high Bv8 expression and metastatic
potential in multiple tumor models examined. Increased BvS levels
were measured in the premetastatic lungs of mice bearing mouse
66cl14, 4TO7, and 4T1 (Fig. 1B and Fig. S24) as well as human
MDA-MB-231 (Fig. S2B) breast carcinomas. We also detected
elevated BvS levels in the lungs of mice bearing Lewis Lung Car-
cinoma (LLC) (Fig. S2B). Furthermore, high Bv8 expression
was found in premetastatic lungs of 8-wk-old polyoma virus middle
T antigen under control of mouse mammary tumor virus promoter
(MMTV-PyMT) transgenic mice (Fig. S2B). Premetastatic stage in
MMTV-PyMT mice was confirmed by histology (Fig. S2C).

Bv8-Expressing Ly6G+Ly6C+ Granulocytes Are a Major Component of
the Premetastatic Lung Microenvironment. Cd11b+Grl+ myeloids
are known to be a major source of Bv8 (16, 17). Furthermore, they
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have been implicated in several important processes in tumor bi-
ology (18-21). Therefore, we hypothesized that metastatic tumors
are able to modify the lung microenvironment, at least in part,
through mobilization of Cd11b+Gr1+ cells from the bone marrow
(BM) and subsequent homing in the lungs. In agreement with this
hypothesis, we observed increased numbers of Cd11b+Gr1+ cells
infiltrating lungs of mice bearing the metastatic tumors 4TO7,
66c14, 4T1, LLC, MDA-MB-231, and MMTV-PyMT, whereas
lungs from mice bearing nonmetastatic tumors 67NR did not show
any increase in Cdl11b+Grl+ cells (Fig. 1C and Fig. S2D). In
addition, we detected only very low numbers of these cells in
organs that are not typically a target for metastasis in the 4T1
model, such as kidney (Fig. S2E).

To further define the composition of the premetastatic mi-
croenvironment, we performed FACS analysis to characterize
Cd11b+Gr1+ cells and identify subpopulations accumulating in
the premetastatic lungs (Fig. 1D). Because the anti-Gr1 antibody
recognize two antigens, Ly6G and Ly6C, these cells represent a
heterogeneous population that includes granulocytes (expressing
both Ly6G and Ly6C), monocytes (expressing Ly6C but not
Ly6G), macrophages, dendritic cells, and myeloid suppressor
cells (20, 22). We observed a marked enrichment (five- to six-
fold) in Ly6C+Ly6G+ granulocytes and a modest accumulation
of Ly6C+Ly6G- monocytes and F4/80+ macrophages in the
premetastatic lungs of 4T1 tumor-bearing mice (Fig. 1D). We did
not observe any significant changes in the frequency of eosino-
phils (SiglecF+ cells) or dendritic cells in response to the pri-
mary tumor (Fig. 1D). Moreover, we detected the previously
described VEGFR1+CD117+ hematopoietic progenitor cells
(HPCs) (3), although their frequency was much lower than that of
Ly6G+Ly6C+ cells (2.7% for HPC vs. 27% for Ly6G+Ly6C+
cells) (Fig. 1D). We then stained sections of premetastatic lungs with
anti-Ly6G antibody to visualize Ly6G+Ly6C+ cells. In agreement
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with the FACS data, we observed increased accumulation of these
cellsin lungs derived from mice bearing metastatic tumors (Fig. S2 F
and G). Among Cd11b+Grl+ cells isolated from lungs, BM, or
spleen of mice bearing 4T1 tumors, only Ly6G+Ly6C+ cells
strongly expressed Bv8 (Fig. 1E and Fig. S2H). However, we
detected only marginal Bv§ transcripts levels in Ly6G-Ly6C+ and
Ly6G-Ly6C- cells, suggesting that the primary tumor secretes fac-
tors that specifically up-regulate Bv8 expression in Ly6G+Ly6C+
granulocytes (Fig. 1E). Furthermore, we detected Bv8-positive cells
only in lungs isolated from mice bearing tumors that are able to
metastasize both in the premetastatic and metastatic phases (Fig. S2
I and J). Thus, Bv8-expressing Ly6G+Ly6C+ cells seem to be
a major component of the premetastatic microenvironment.

Tumor-Derived G-CSF Initiates a Premetastatic Environment in Dis-
tant Organs. To determine which cytokine(s) secreted by tumor
cells might be responsible for mobilizing Ly6G+Ly6C+ cells, we
measured plasma and tumor levels of several factors previously
implicated in mobilization of myeloid cells: VEGF-A, placenta
growth factor (PIGF), stromal-derived factor (SDF)la, macro-
phage colony stimulating factor (M-CSF), GM-CSF, and G-CSF
(23) (Fig. 2 A and B). Among these, only G-CSF fully correlated
with the ability of tumors to metastasize (Fig. 2.4 and B). We also
found that G-CSF isreleased by metastatic tumor cells in vitro (Fig.
S34). G-CSF is a major regulator of granulopoiesis produced by
a variety of cell types (24) and plays a key role in neutrophil mo-
bilization from the BM (25). Another attractive feature of G-CSF
as a potential regulator of a process taking place at a distant site
from the tumor of origin is its endocrine mode of action (24). Re-
cently, G-CSF has been also implicated in the acute mobilization of
endothelial progenitors induced by vascular disrupting agents (26).

Interestingly, in mice bearing human MDA-MB-231 tumors, we
detected increased tumor and plasma levels of both human and

PNAS | December 14,2010 | vol. 107 | no.50 | 21249

MEDICAL SCIENCES


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015855107/-/DCSupplemental/pnas.201015855SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015855107/-/DCSupplemental/pnas.201015855SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015855107/-/DCSupplemental/pnas.201015855SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015855107/-/DCSupplemental/pnas.201015855SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015855107/-/DCSupplemental/pnas.201015855SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015855107/-/DCSupplemental/pnas.201015855SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015855107/-/DCSupplemental/pnas.201015855SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015855107/-/DCSupplemental/pnas.201015855SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015855107/-/DCSupplemental/pnas.201015855SI.pdf?targetid=nameddest=SF3

L T

z

D\

mouse G-CSF, suggesting that host cells infiltrating the tumor are
also a significant source of G-CSF (Fig. 24). Administration of
anti-G-CSF antibody to mice bearing mouse 4T1, 66cl4, or
MMTV-PyMT tumors completely abolished the accumulation of
Ly6G+Ly6C+ cells in the peripheral blood and lungs (Fig. 2C and
Figs. S4 A-C and S5). It also reduced lung Bv8 levels (Fig. S6 A-
D). In contrast, treatment with anti-GM-CSF, anti-M-CSF, or
anti-VEGF neutralizing antibodies did not have any significant
effect on the number of Ly6G+Ly6C+ cells in any of the exam-
ined tissues (Fig. 2C and Figs. S4 and S5 A4 and B). The neutralizing
activity of these antibodies was confirmed in in vitro bioassays (Fig.
S7). Also, none of these treatments reduced Bv8 concentrations in
the premetastatic lungs (Fig. S6.4 and B). Treatment with anti-Bv8
antibody also reduced mobilization of Ly6G+Ly6C+ cells into the
premetastatic tissues in mice bearing 4T1, 66c14, and MMTV-
PyMT tumors (Fig. 2C and Figs. S4 and S5). To define the tissue

specificity of Ly6G+Ly6C+ cells mobilization, we examined the
presence of Ly6G+ cells in various tissues during the premeta-
static phase (Fig. 2C and Fig. S44). In mice bearing 4T1 tumors,
we could detect significant increases in the numbers of these cells
not only in the lung but also in the liver and spleen, organs in which
metastasis is known to occur, although at later time points than in
lungs (11, 27) (Fig. S44). In tissues in which 4T1 tumors do not or
rarely metastasize, we did not detect any Ly6G+ cells (muscle and
brain) or their accumulation was minimal (kidney).

Neutralization of G-CSF, Bv8, or Ly6G+Ly6C+ Cells Reduces Metastasis.
We orthotopically inoculated 66c14, 4T1, MDA-MB-231, or
MMTV-PyMT tumors cells in the mammary fat pad of mice.
Anti-Bv8 or anti-G-CSF treatment resulted in significant re-
duction of lung metastasis in all models tested (Fig. 3 A-D and
Fig. S8G), whereas it had little effect on primary tumor growth
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Fig. 2.

Increased G-CSF and Bv8 levels are associated with a metastatic phenotype. (A) Plasma levels of various cytokines in the premetastatic phase in mice

bearing nonmetastatic or metastatic tumors. In samples from mice with MDA-MB-231 tumors, m indicates mouse, and h is human. (B) Levels of G-CSF in
whole-tumor extracts isolated from mice in the premetastatic phase. (C) Numbers of Ly6G+ cells (per millimeter squared) in various organs during the
premetastatic phase in mice bearing 4T1 tumors. Asterisk indicates significant difference relative to naive group; two asterisks indicate significant difference

relative to isotype control (ISO) group (C). Data shown are means + SEM.
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(SI Text, Anti-BvS8 Anti-G-CSF Antibodies Inhibit Metastasis).
Depending on the model, anti-Bv8 and anti—-G-CSF treatments
resulted in 30-60% and 40-70% inhibition, respectively.

When 4T1 or 66¢14 tumor cells were orthotopically inoculated in
mice lacking Bv8 in bone marrow cells (BMCs) (Fig. 3E and Fig. S8
D and E), metastasis was reduced to a degree comparable with that
observed in response to anti-Bv8 treatment, providing a genetic
validation of the findings obtained with antibodies.

To assess the role of Ly6G+Ly6C+ cells in the development of
metastasis, mice bearing orthotopic 66c14 tumors were treated
with anti-Ly6G antibody (clone 1A8 specifically depleting neu-
trophils) (28) or anti-Grl antibody (clone RB6-8C5 depleting
both monocytes and neutrophils) (Fig. 3F). Treatment with each
antibody significantly reduced the number of lung metastases to
a degree comparable with anti-Bv8 or anti-G-CSF antibody. The
effects of anti-Ly6G treatment were almost equivalent to those of
the anti-Gr1 antibody, indicating that Ly6G+Ly6C+ neutrophils
are largely responsible for the metastasis in the tested models.

Pretreatment with Recombinant G-CSF Induces Metastasis. We asked
whether G-CSF administration is sufficient to initiate a premeta-
static microenvironment. We analyzed the frequency of Ly6G+
Ly6C+ and Cd11b+Gr1+ cells in mice treated daily with recom-
binant (r)G-CSF for 5 consecutive d (Fig. 4 A and B). As expected,
delivery of rG-CSF induced mobilization of Cd11b+Grl+ and
Ly6G+Ly6C+ cells, because we detected marked increases in
these cells in BM, peripheral blood, and spleen. We also measured
a significant increase in the frequency of Cd11b+Grl+ and Ly6G
+Ly6C+ cells in the lungs (Fig. 4 A and B), coincident with in-
creased expression of Bv8 (Fig. 4C). In addition, we observed an
increased frequency of Cd11b+Grl+ cells (and enhanced Bv8
expression) in the liver but the kidneys (Fig. 4C). To determine
whether these effects may result in enhanced metastatic potential,
mice were treated with rG-CSF for 5 consecutive d before and after
injection of tumor cells through the tail vein. Despite the fact that
this route bypasses several of the steps occurring during metastasis,
it enabled us to focus on the potential role of G-CSF and the G-
CSF-initiated premetastatic microenvironment at the final stages
of metastasis, such as extravasation, survival, and tumor growth at
the distant organs. We injected mice with the metastatic cell lines
66c14, 4T1, and B16F10 or nonmetastatic cell line 67NR. rG-CSF
administration increased the numbers of lung metastases in mice
injected with B16F10, 4T1, or 6614c cells (Fig. 4D). This was fol-
lowed by increases in lung mass, which were in agreement with the
number of visible metastases (Fig. S94). Remarkably, the non-
metastatic cell line 67NR exhibited metastatic behavior in the lungs
after pretreatment with G-CSF (Fig. 4E). Authenticity of the
tumors in mice pretreated with G-CSF was confirmed by histo-
logical analysis of H&E-stained sections (Fig. S9 B-D).

G-CSF-Induced Metastasis Depends on Bv8-Expressing Ly6G+Ly6C+
Cells. To define the role of Bv8-expressing Ly6G+Ly6C+ cells
in metastasis, mice were treated with rG-CSF together with anti-
BvS8, anti-Ly6G, or anti-Grl neutralizing antibody. Anti-Bv8
treatment reduced the increase in Cdl11b+Grl+ cells in the
lungs (Fig. S9E). However, anti-Grl or anti-Ly6G antibodies
completely abolished the G-CSF effect on Cd11b+Grl+ cells.
As expected, anti-G-CSF antibody treatment prevented the G-
CSF effects (Fig. SOE). We next injected MDA-MB-231, 66¢14,
or 4T1 cells through the tail vein in mice that had been pre-
treated with G-CSF in the presence or absence of anti-Bv§ an-
tibody. Anti-Bv8 antibody treatment significantly reduced G-
CSF-induced lung metastases of 66c14 (Fig. 4F and Fig. S9F),
4T1 cells (Fig. S9G), or MDA-MB-231 (Fig. S9H). Treatment
with an anti-Grl or anti-Ly6G antibody also markedly inhibited
the prometastatic effects of G-CSF (Fig. 4F), further supporting
the hypothesis that Bv8-expressing Ly6G+Ly6C+ cells are pre-
dominantly responsible for the G-CSF-induced premetastatic
priming and metastasis.

Kowanetz et al.

G-CSF Does Not Enhance Metastasis in Mice Treated with Cytotoxic
Chemotherapy. We treated mice bearing orthopic 66¢c14 or 4T1
tumors with taxotere in the presence or absence of G-CSF as
described in SI Materials and Methods. Taxotere treatment ef-
fectively reduced primary tumor growth (Fig. S10 4 and B) and
numbers of lung metastases (Fig. S10C). Acute administration of
recombinant G-CSF did not have any effect on the primary tu-
mor and metastasis nor did it antagonize taxotere effects,
whereas it reduced taxotere-induced neutropenia (Fig. S10 D
and E). Similarly, taxotere reduced metastasis in mice pretreated
with G-CSF and injected with tumor cells through the tail vein
(Fig. S10F). Interestingly, taxotere did not abolish the G-CS-
induced accumulation of myeloid cells, suggesting that most of
its antimetastatic activity was caused by its direct antisurvival
effect on the tumor cells (Fig. S10G).

G-CSF Induces Expression of Several Prometastatic Molecules.
Microarray analysis (Fig. 14) indicated that, in addition to BvS,
the premetastatic lungs are enriched in a number of factors that
have been previously shown to promote metastasis, including
MMP-9, S100A8, and S100A9 (Fig. S1D). Although MMP-9 has
been reported to promote invasion (29) and survival (30) of tumor
cells in the lung environment, SI00A8 and S100A9 mediate re-
cruitment of myeloid and tumor cells in the lungs (4). To in-
vestigate whether the G-CSF/Bv8 axis promotes metastasis, at
least in part, through regulation of these molecules, we measured
their expression levels in lungs of mice pretreated with rG-CSF.
We found that all three molecules are significantly up-regulated
(Fig. S114) after G-CSF treatment. Anti-Bv8 significantly re-
duced the G-CSF-induced expression of MMP-9, S100AS8, and
S100A9 (Fig. S114). We then asked whether increased expression
of these factors is directly linked to the Ly6G+Ly6C+ cells ac-
cumulating in the premetastatic lungs. We isolated several cell
subpopulations from naive or premetastatic lungs and sub-
sequently measured the expression of Bv8, MMP-9, S100AS, and
S100A9 (Fig. S11 B and D). Interestingly, only Ly6G+Ly6C+ and
Cd11b+Gr1+ cells sorted from lungs of mice pretreated with
G-CSF or mice bearing 4T1 tumors expressed significant levels of
MMP-9, S100A8, and S100A9 along with Bv8 (Fig. S11 B-D). We
did not detect significant levels of these molecules in Ly6G-Ly6C+
or Ly6G-Ly6C- cells or in Cd11b+Grl- and Cd11b-Gr1- cells.
Also, expression of both S100 proteins was markedly induced in
Ly6G+Ly6C+ cells isolated from mice pretreated with G-CSF or
mice bearing 4T1 tumors (Fig. S11 B and D). These findings
suggest that G-CSF can increase local concentrations of MMP-9,
S100A8, and S100A9 through mobilization of Ly6G+Ly6C+ cells
into the lungs and by inducing expression of these molecules in the
mobilized cells.

Bv8 Directly Stimulates Tumor Cell Migration and Metastasis. Anti-
Bv8 treatment largely prevented the effects of G-CSF on the
development of lung metastasis (Fig. 4F and Fig. S9 F-H).
However, the same treatment only partially inhibited G-CSF-
induced mobilization and homing of Cd11b+Grl+ cells into the
premetastatic lungs (Fig. S9E). This finding suggests that addi-
tional mechanisms are involved in the prometastatic activity of
Bv8. We tested the hypothesis that Bv8 might have direct effects
on tumor cells. We measured the expression levels of Bv8
receptors (PKR-1/GPR73 and PKR-2/GPR73L1) in both non-
metastatic and metastatic tumor cells. We detected significant
expression of PKR-I only in metastatic tumor cell lines (4TO7,
66cl4, 4T1, B16F10, and LLC as well as MDA-MB-231),
whereas the nonmetastatic cell lines (67NR and 168FARN)
exhibited much lower or undetectable levels of PKR-1 (Fig. 54).
We were unable to detect PKR-2 in any of the cell lines tested,
except in LLC (Fig. S124). Also, G-CSFR was undetectable in
these cells (Fig. S12B), arguing against the possibility that G-CSF
may have direct effects on cancer cells. To determine whether
PKR-1 is functional, we stimulated tumor cells with Bv8 and then
measured levels of phosphorylated ERK1/2 (Fig. S12C). We
detected significant ERK1/2 activation in response to BvS only in
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Fig. 3. Neutralization of G-CSF or Bv8 inhibits metastasis. (A) Number of
metastases in lungs of mice bearing 4T1 tumors and treated with indicated
antibodies (n = 10) for 5.5 wk after tumor inoculation. (B) Number of me-
tastases per lung in mice bearing 66¢14 tumors 6 wk after tumor inoculation.
Tumors were implanted, and treatment was performed as in A (n = 10). (C)
Representative images of lung sections from mice bearing 4T1 or 66¢14
tumors and treated with the indicated antibodies. Sections correspond to A
(4T1 tumors) or B (66¢14 tumors). Arrowheads indicate metastases. (D) Av-
erage numbers of CK-18-positive tumor colonies per lung section of SCID/bg
mice bearing MDA-MB-231-X1.1 tumors and treated with indicated anti-
bodies for 7 wk. (E) Number of lung metastases in mice transplanted with
either Bv8 WT (white bars) or Bv8 KO (gray bars) fetal liver cells and treated
with indicated antibodies. (F) Numbers of lung metastases in mice bearing
66c14 tumors and treated with indicated antibody. Asterisk indicates sig-
nificant difference relative to ISO group. Data shown are means + SEM.

the metastatic cell lines (Fig. S12C). Bv8 has been shown to
promote migration of myeloid cells (31). Therefore, we consid-
ered the possibility that Bv8 might also promote migration of
metastatic tumor cells. Indeed, Bv8 induced migration of such
cells in a dose-dependent manner (Fig. 5B). In contrast, non-
metastatic cell lines did not exhibit enhanced migration in re-
sponse to Bv8. To confirm that the G-CSF-induced premeta-
static microenvironment facilitates migration of tumor cells in
vivo, we injected fluorescently labeled (with CellTracker) 4T1 or
66c14 cells into BALB/c nude mice pretreated with G-CSF in the
presence or absence of anti-BvS8, anti-Grl, or anti—-G-CSF anti-
bodies, and we assessed the numbers of tumor cells that were
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able to extravasate and seed the lung tissue. CellTracker was
stable in cells for more than 48 h after the labeling (Fig. S12D).
We detected significant increases in the number of tumor cells in
the lungs of mice pretreated with G-CSF compared with controls
(Fig. 5 C and D and Fig. S12E). This effect was significantly
reduced by administration of anti-Bv8, anti-Gr1, or anti-G-CSF
antibodies (Fig. 5 C and D and Fig. S12E).

Asnoted (Fig. 4E), nonmetastatic 67NR cells exhibit metastatic
properties when i.v. injected in mice pretreated with G-CSF, likely
because of the substantially increased expression of MMP9 and
other prometastatic molecules in the G-CSF—primed lungs. We
speculated that metastasis of 67NR cells might be enhanced by
overexpression of PKR-1. Indeed, overexpression of PKR-1 in
67NR cells, to a level comparable with the expression in 66c14
cells (Fig. S12F), resulted in significant enhancement of 67NR
metastasis in the G-CSF pretreated mice (Fig. 5SE and Fig. S12 G
and H). Conversely, PKR-1-deficient 66c14 cells (Fig. S127) had
significantly reduced numbers of G-CSF-induced metastasis
compared with cells expressing control shRNA (Fig. S12J).

Tumor Cells Colonizing the Lungs Express Elevated Levels of G-CSF
and PKR-1. We next asked whether cells capable of colonizing the
lungs have a high expression of G-CSF or PKR-1. To accomplish
this, we performed in vivo clonal selection for MDA-MB-231
cells that either reside at the primary tumor or are able to gen-
erate metastasis in the lungs (Fig. S12K). A similar methodology
has been previously used to identify gene sets that mediate breast
cancer metastasis to the lung and other organs (32, 33). Gene
expression profiling revealed that MDA-MB-231 cells isolated
from lungs express much higher levels of both G-CSF and PKR-1
along with GM-CSF, MMP-9, and the previously identified Cxcl1
and MMP-1 (32) compared with cells isolated from the primary
tumor or to parental cells (Fig. 5F). The up-regulation of GM-
CSF in MDA-MB-231 cells metastasizing to the lungs is unlike
the other models that we tested, suggesting that the role of GM-
CSF is model-dependent. We did not detect increased expres-
sion of PKR-2, M-CSF, SDFla, VEGF-A, or PIGF, suggesting
that, to metastasize, cancer cells selectively increase expression
of a narrow group of genes, which include G-CSF and PKR-1.

Discussion

Cd11b+Grl+ and other myeloid cell types have been shown to
facilitate tumor growth in a number of studies (18-20, 34). Im-
portantly, their human counterparts have been found to be
overproduced in cancer patients (35, 36). Cd11b+Grl+ cells
represent a heterogeneous cell population comprised of neu-
trophils, macrophages, and dendritic cells. They have been shown
to promote invasion and metastasis through increased production
of matrix metalloproteinases (MMPs) and TGF-p1 (37, 38) and
have been also implicated in suppression of T cell-mediated
responses, hence the denomination of myeloid-derived suppres-
sor cells (MDSC) (22, 23). However, we have no evidence that
immunosuppression plays a role in the effects that we described
here, since inhibiting mobilization or function of myeloid cells had
similar effects in immuno-competent and immuno-deficient mice.

Our data indicate that tumor-secreted G-CSF expands and mobi-
lizes a subset of Cd11b+Grl+ cells, LyG+Ly6C+ granulocytes,
from BM and also induces Bv8 expression (Fig. 5G). Bv§, in turn,
functions as a chemoattractant that enhances mobilization of BM-
derived Ly6G+Ly6C+ granulocytes and facilitates their homing
into the lung before arrival of tumor cells. After they are in the lungs,
G-CSF-mobilized Ly6G+Ly6C+ cells may serve as a major source
of Bv8, MMP9, S100A8, and S100A9. MMP-9 has been shown to
enhance invasion and metastasis in lungs (29, 30). S1I00A8 and
S100A9 proteins have been shown to be key components of the
premetastatic niche and to mediate metastasis through mobilization
of myeloid cells and cancer cells to lungs (4, 39, 40). Therefore, Ly6G
+Ly6C+ cells mobilized by G-CSF create a protumorigenic mi-
croenvironment that supports extravasation, survival, and growth of
secondary tumors at distant organs. Interestingly, TNFa, VEGF, and
TGFp1 have also been implicated in the regulation of SI00A8 and
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S100A9 expression in the premetastatic lungs (4). Further stud-
ies are needed to clarify any links between G-CSF and these
factorsininitiation of the premetastatic environment. Moreover,
an unexpected finding is the ability of Bv8 to promote metastasis

Kowanetz et al.

through PKR-1-mediated stimulation of tumor cell migration,
thus expanding the prometastatic roles of Bv8 beyond regulating
mobilization and homing of Ly6G+Ly6C+ cells into the pre-
metastatic organs.
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Pretreatment with recombinant G-CSF was sufficient to mimic
the premetastatic environment initiated by primary tumors. G-
CSF not only was able to enhance the metastatic properties of
several tumors but particularly interestingly, it was also able to
promote invasive behavior in nonmetastatic tumors. Treatment
with anti-Ly6G antibody significantly reduced the numbers of
G-CSF-induced metastases, emphasizing the important role of
Ly6G+Ly6C+ cells homing in the lung in metastasis. Further-
more, we detected increased accumulation of Ly6G+Ly6C+

(n=5/group)

cells and Bv8 expression in the liver of mice bearing metastatic
tumors or mice pretreated with G-CSF, suggesting that the
prometastatic effects of G-CSF and Bv8 are not restricted to the
lung. Further studies are required to test this hypothesis.

Our findings raise the possibility that G-CSF up-regulation is
part of a prooncogenic program that confers growth and survival
advantages on tumor cells. However, the questions remain of how
early in the tumorigenic process do tumor cells start to overexpress
G-CSF and whether it correlates with the timing of acquisition of
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a more metastatic phenotype. Elucidating the signaling pathways
resulting in G-CSF up-regulation should allow for answering some
of these questions and may also yield additional therapeutic targets.

G-CSF is widely used in cancer therapy, because its use has sub-
stantially reduced the risks of chemotherapy-associated neutro-
penia (41). A key question is whether G-CSF administration may
have protumor or prometastatic effects in patients. However, our
data suggest that short-term administration of G-CSF, when done in
conjunction with cytotoxic chemotherapy, does not increase the risk
of metastasis. In contrast, prolonged exposure to high levels of G-
CSF, such as those constitutively released by tumors, might result
in enhanced metastasis. Indeed, G-CSF overexpression by a variety
of tumors has been correlated with a poor prognosis (42-45). In-
terestingly, patients with all solid tumors may exhibit leukemoid
reactions characterized by extreme leukocytosis (46). In numerous
cases, the leukocytosis was secondary to a paraneoplastic syndrome
linked to high G-CSF production by the tumor, and although the
mechanisms remained unclear, it was associated with a particularly
poor prognosis (46, 47). This further emphasizes the deleterious
effects of G-CSF overproduction by tumors.

In conclusion, our data suggest that metastatic progression
can be inhibited by agents targeting mobilization and homing of
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