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The tumor-promoting functions of neutrophils have been mainly
attributed to induction of tumor angiogenesis or suppression of
anticancer immunity. However, a direct impact of neutrophils on
tumor cell growth and metastasis remains largely uncharacterized.
Here, we coupled a proteomic approach with a functional screen
to interrogate the secretome of tumor-associated neutrophils.
Surprisingly, the iron-transporting protein transferrin was identi-
fied as the major mitogen for tumor cells secreted by neutrophils.
Depletion of neutrophils inhibited lung metastasis and transferrin
production in the metastatic microenvironment. Deletion of trans-
ferrin receptor suppressed growth of lung-colonizing tumor cells.
Also, media conditioned by neutrophils isolated from metastatic
breast cancer patients stimulated growth of human breast cancer
cells, an effect that was largely abolished by transferrin immuno-
depletion. We identified GM-CSF, which is produced primarily by
tumor cells, as a selective inducer of de novo transferrin synthesis
in neutrophils through the Jak/Stat5β pathway. GM-CSF neutrali-
zation or inhibition of Jak kinases curtailed neutrophil transferrin
expression in vitro and in vivo as well as cancer metastasis. Thus,
transferrin provides a mechanistic link between neutrophils and
metastatic growth owing to the ability of tumor-infiltrating neu-
trophils to locally deliver this growth-promoting protein in response
to GM-CSF stimulation. Our study identifies neutrophil-derived
transferrin as a key regulator of metastatic tumor cell growth and
a therapeutic target for antimetastatic treatment.
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Growing evidence suggests that neutrophils, an important com-
ponent of the innate immunity, are actively involved in the

development of cancer-associated inflammation and contribute to
tumor growth (1), metastasis (2–5), and resistance to anticancer
therapies (3, 6) (reviewed in ref. 7). Although some studies have also
revealed tumoricidal properties of neutrophils (8), increased neu-
trophil levels in cancer patients often predict poor clinical outcomes.
An elevated neutrophil-to-lymphocyte ratio (NLR) is associated with
not only advanced tumor stages (9), higher risk of cancer recurrence
(9), metastasis (9, 10), and worse patient survival (11), but also with
lower response rates to cancer treatments (12). Moreover, presence
of tumor-infiltrating neutrophils was reported to be associated with
tumor metastasis and worse patient survival (13).
Given the importance of neutrophils in innate immunity (14),

complete suppression of this cell population renders patients vul-
nerable to infections. A promising alternative is to identify the
effectors that mediate the tumor-supporting functions of neutro-
phils and design therapeutics that specifically target these effectors.
Previous work has recognized the immunosuppressive and proan-
giogenic functions of neutrophils in the tumor microenvironment
(15–17). A direct impact of neutrophils on tumor cells, however,
remains largely uncharacterized.
In this study, we decided to address this question using a sys-

tematic approach, by analyzing the secretome of neutrophils iso-
lated from tumor-bearing mice. The cell secretome is comprised of
proteins that are secreted by the cells into the extracellular envi-
ronment and are responsible for cell–cell or cell–matrix commu-
nication (18). Recent studies have emphasized the value of the

cancer secretome as a source of biomarkers and drug targets (19).
However, little is known about the secretome of tumor-associated
stromal cells. Characterizing the secretome of stromal cells may
provide insights on the crosstalk between tumor and stromal cells
and may also result in drug targets for cancer therapy. Here, we
coupled proteomic profiling with a functional screen to interrogate
the secretome of tumor-associated neutrophils, to identify potential
neutrophil-derived mitogenic factors for tumor cells.

Results
Neutrophils Promote Cancer Metastasis Without Involvement of
Adaptive Immunity and Tumor Angiogenesis. We previously reported
that depletion of neutrophils through G-CSF neutralization inhibits
lung metastasis of 4T1 mouse breast cancer cells (2). We confirm
here that anti–G-CSF significantly curtails aberrant neutrophil ac-
cumulation in peripheral blood and lung of 4T1 tumor-bearing
BALB/c mice (SI Appendix, Fig. S1 A and B) and suppresses lung
metastasis (SI Appendix, Fig. S1C). No inhibition of tumor angio-
genesis was observed in response to anti–G-CSF treatment in pri-
mary tumors or in metastatic lung tissues (SI Appendix, Fig. S1D),
suggesting that modulation of tumor angiogenesis does not con-
tribute to the prometastatic functions of neutrophils in our model.
Subsets of neutrophils (MDSC) have been characterized as sup-
pressors of immune responses (20), and this property has been
frequently implicated in the protumoral functions of neutrophils (7).
Interestingly, in Rag1−/− immunodeficient mice, metastatic devel-
opment from 4T1 mammary tumors (SI Appendix, Fig. S1E) or
following surgical resection of s.c. 3LL (Lewis lung carcinoma) tu-
mors (SI Appendix, Fig. S1F) was inhibited by anti–G-CSF–
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mediated neutrophil depletion. These findings indicate that neu-
trophils may also promote cancer metastasis through mechanisms
unrelated to suppression of the adaptive immune system. Accord-
ingly, neutrophil accumulation, but not microvessel density in the
lungs, was decreased by anti–G-CSF in mice that have primary 3LL
tumors surgically removed (SI Appendix, Fig. S1G).

Characterization of Neutrophil Secretome. To explore the possibility
that neutrophils directly promote metastatic tumor cell growth, we
prepared serum-free conditioned media (CM) from Ly6g+ neu-
trophils isolated from the spleens of 4T1 tumor-bearing mice.
Proteins in the neutrophil CM were purified by sequential chro-
matographic steps and tested for their ability to stimulate 4T1
tumor cell growth as described inMaterials and Methods (Fig. 1A).
At each purification step, only one peak of absorbance, composed
of three to four contiguous fractions, showed mitogenic activity.
After the last reverse-phase column, the mitogenic fractions (38,
39, and 40), the adjacent negative (37 and 41), and distant nega-
tive (32 and 46) fractions (Fig. 1B) were subjected to mass spec-
trometry analyses. A list of 25 candidate proteins (SI Appendix,
Fig. S2A) was generated (see Materials and Methods). Most of
these proteins were intracellular and likely released into the CM
due to cell death and thus were excluded from further investiga-
tion. Among the secreted proteins, only transferrin [recombinant
human transferrin or mouse apo-transferrin (iron-free)] (Fig. 1C),

but not hepatocyte growth factor (HGF), macrophage migration
inhibitory factor (MIF), orosomucoid 1, or galectin-1 (SI Appen-
dix, Fig. S2B), was able to stimulate 4T1 cell growth. Transferrin is
an 80-kDa glycoprotein responsible for transporting iron into
proliferative cells via binding to transferrin receptor (Tfr1) (21).
Interestingly, lactoferrin, another iron-binding protein that shares
structural similarity with transferrin, does not stimulate 4T1 cell
growth (Fig. 1C). Indeed, transferrin levels in the eluted fractions
were tightly correlated with the mitogenic activity (Fig. 1D).
Transferrin was then immunodepleted from the mitogenic frac-
tions, which resulted in almost complete loss of the activity (Fig.
1E). Moreover, Tfr1 deletion in 4T1 cells abrogated the mitogenic
responses to recombinant transferrin or the bioactive fraction (Fig.
1F). Together, these results indicate that transferrin is responsible
for the mitogenic activity of neutrophil secretome on tumor cells.
Presence of transferrin in pulmonary neutrophils was further

verified by intracellular flow cytometry analyses (SI Appendix, Fig.
S2C). It is noteworthy that transferrin was undetectable without
the fixation/permeabilization step (SI Appendix, Fig. S2D), arguing
against the possibility that the staining was due to absorption of
extracellular transferrin on neutrophil cell membrane. Moreover,
colocalization of transferrin and Ly6g staining in lung tissues of
4T1 tumor-bearing mice was visualized by immunostaining (SI
Appendix, Fig. S2E).
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Fig. 1. Transferrin mediates the mitogenic activity of neutrophil secretome on tumor cells. (A) Neutrophil conditioned medium (NCM) was purified by se-
quential chromatographic steps. At each step, fractions were tested for mitogenic activity on 4T1 cells. (B) Mitogenic activity of fractions from the last reverse-
phase column. Green line indicates the concentration of acetonitrile in the elution buffer. Red line indicates absorbance at 210 nm (A210 nm) in eluted
fractions. Blue line indicates the mitogenic activity. (C) Induction of 4T1 cell growth with recombinant human transferrin (rhTf), apo-mouse Tf (Apo-mTf), and
human lactoferrin (hLtf). Results are expressed as fold-changes compared with PBS treatment, n = 3. (D) Alignment between 4T1 cell growth (bar, measured
at A490 nm) and transferrin concentrations in the fractions (line) from size-exclusion chromatography of bioactive HiTrap Q fractions, n = 3. Arrows indicate
molecule weight markers. (E) The mitogenic fraction from size-exclusion (SE) chromatography was immunodepleted by a-mTf agarose, IgG-agarose, or left
untreated (no depletion). The effects of these treatments on 4T1 cell growth were tested. Results are expressed as fold-changes compared with 4T1 cells
without any treatment, n = 3. (F) The 4T1 cells with (4T1-Tfr1KO6 and 4T1-Tfr1KO11) or without (4T1-ctrl) Tfr1 gene deletion were treated with rhTf or the
mitogenic size-exclusion fraction (SE). Results on cell growth are expressed as fold-changes compared with controls, n = 3. *P < 0.05; **P < 0.01.
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We compared lung transferrin production between tumor-free
and 4T1 tumor-implanted mice, with or without anti–G-CSF
treatment, by measuring transferrin levels in whole lung cell
conditioned medium (LCM). Our results show that LCM from
tumor-bearing mice contains significantly higher levels of trans-
ferrin than tumor-free mice (SI Appendix, Fig. S2F). Depletion of
neutrophils from tumor-bearing mice significantly reduced
transferrin levels in LCM (SI Appendix, Fig. S2F).

Tfr1 Is Essential for Metastatic Growth. Stable overexpression of Tfr1
in 4T1 cells significantly promoted tumor growth (SI Appendix,
Fig. S3A) and lung metastasis (SI Appendix, Fig. S3B). Conversely,
Tfr1 deletion significantly inhibited primary tumor growth (SI
Appendix, Fig. S3C) and lung metastasis (SI Appendix, Fig. S3D).
In both experiments, lung metastasis was examined when primary
tumors from control and mutant groups reached comparable sizes.
Tfr1 is critical for metastatic growth but not for lung colonization
of metastatic tumor cells, since Tfr1-deleted tumor cells possessed
equivalent ability to colonize lung, yet showed severely compro-
mised subsequent cell proliferation (SI Appendix, Fig. S4). In the
3LL model, Tfr1 deletion abrogated transferrin-induced tumor
cell growth in vitro (SI Appendix, Fig. S5A) and inhibited lung
metastasis of tail vein-injected tumor cells (SI Appendix, Fig. S5B).
We compared Tfr1 expression in human breast cancer versus

normal tissues, by analyzing data deposited in Oncomine (22).
Using the thresholds described in Materials and Methods, up-
regulation of Tfr1 mRNA in breast cancer (compared with nor-
mal tissues) was found in 9 of the 14 eligible datasets. Moreover,
higher Tfr1 mRNA levels were associated with higher tumor grades/
stages (SI Appendix, Fig. S6A). The prognostic value of Tfr1 gene in
breast cancer was analyzed by the Kaplan–Meier Plotter (23). Ele-
vated Tfr1 gene expression predicted significant worsening of
overall survival (OS; n = 1402, P = 0.0066) and distant metastasis-
free survival (DMFS; n = 1746, P = 0.02) in breast cancer patients
(SI Appendix, Fig. S6B).

GM-CSF Selectively Induces Transferrin Production in Neutrophils. The
ability of pulmonary neutrophils to secrete transferrin increased as
metastasis progressed. Neutrophils isolated during the late stage
(4 wk posttumor implantation) of metastatic progression secreted
significantly more transferrin compared with neutrophils at the
premetastatic (2 wk) or early (3 wk) stages (SI Appendix, Fig.
S7A). This finding raises the possibility that transferrin expression
in neutrophils may be modulated by tumor cells. Indeed, while
4T1 cell conditioned medium (4T1CM) contains no transferrin, it
can stimulate transferrin secretion from Ly6g+ neutrophils (SI
Appendix, Fig. S7B). To identify the factor(s) potentially impli-
cated in such induction, a panel of 31 cytokines/growth factors was
screened for the ability to stimulate neutrophil transferrin secre-
tion. These cytokines were chosen based on expression by 4T1
cells and/or involvement in breast cancer progression (24, 25). We
found that only GM-CSF and IL-3 significantly increased trans-
ferrin levels in neutrophil CM (Fig. 2A). Intriguingly, the receptors
for GM-CSF and IL-3 share a common beta subunit (CSFR2b)
(26), implying a similar mechanism by which these two cytokines
regulate transferrin expression. Immunoneutralization of GM-
CSF, but not IL-3, significantly suppressed recombinant GM-
CSF or 4T1 CM-induced neutrophil transferrin production (SI
Appendix, Fig. S7B). Combination of anti–GM-CSF and anti–IL-3
neutralizing antibodies did not further reduce transferrin levels,
compared with anti–GM-CSF alone (SI Appendix, Fig. S7B).
Moreover, GM-CSF neutralization significantly inhibited recombi-
nant GM-CSF or 3LL CM-induced transferrin production, by
neutrophils isolated from 3LL tumor-bearing mice (SI Appendix,
Fig. S7C). These data indicate that in our models, GM-CSF is the
major tumor-secreted factor that induces neutrophil transferrin
production. Notably, neither LPS nor fMLP, a bacterial chemotactic
peptide, stimulated transferrin production from mouse neutrophils

(Fig. 2A). GM-CSF induced transferrin secretion in a time-dependent
manner (SI Appendix, Fig. S7D). Furthermore, GM-CSF enhanced
transferrin levels in LCM prepared from 4T1 tumor-bearing mice,
but not tumor-free mice or neutrophil-depleted tumor-bearing mice
(Fig. 2B). Transferrin expression was previously reported in macro-
phages (27) and hepatoma cells (28). Interestingly, GM-CSF treatment
did not affect transferrin production from bone marrow-derived
macrophages (BMMs), F4/80+ pulmonary macrophages isolated
from 4T1 tumor-bearing mice, or Hepa1-6 hepatoma cells (SI
Appendix, Fig. S7E).
To determine the cellular localization of GM-CSF in the met-

astatic microenvironment, we purified Ly6g+ neutrophils, F4/80+
macrophages, B220+ B cells, CD4+ and CD8+ T cells, CD45+
hematopoietic cells, and CD45− cells (metastatic tumor cells and
nonhematopoietic stromal cells) from lungs of 4T1 tumor-bearing
mice and measured GM-CSF mRNA levels in these cell types
as well as in cultured 4T1 tumor cells. GM-CSF mRNA was
expressed by all of the cell types examined here (Fig. 2C), yet
the highest levels were in CD45− cells and cultured 4T1 tu-
mor cells (Fig. 2C). Immunostaining of perfused lung sections
confirmed that GM-CSF is expressed by both metastatic tu-
mor cells and stromal cells (Fig. 2C).
We investigated whether blockade of GM-CSF affects transferrin

levels and cancer metastasis. Given the multifaceted function of
GM-CSF in various immune cells, we used Rag1−/− immunodefi-
cient mice to eliminate the effects of GM-CSF neutralization on
adaptive immunity. Treatment of 4T1 (Fig. 2D) or 3LL (SI Ap-
pendix, Fig. S8A) tumor-bearing Rag1−/− mice with anti–GM-CSF
inhibited transferrin production in the lung. To emphasize the effect
of GM-CSF on metastatic growth, primary 4T1 or 3LL tumors were
first established and then surgically removed and treated with anti–
GM-CSF or isotype control. Anti–GM-CSF significantly inhibited
metastatic development (Fig. 2E and SI Appendix, Fig. S8B).

GM-CSF Induces de Novo Synthesis of Transferrin mRNA and Protein.
Despite the fact that neutrophils are terminally differentiated and
are considered inert in gene expression, transferrin mRNA was
detectable in freshly isolated Ly6g+ neutrophils to a level com-
parable to BMMs, J774 macrophages, and F4/80+ lung macro-
phages and significantly higher than CD4+, CD8+, or B220+
lymphocytes (SI Appendix, Fig. S9A). The positive control, the
Hepa1-6 hepatoma cell line, had the highest expression. Notably,
transferrin mRNA expression was absent in 4T1 tumor cells and
was significantly higher in CD45+ versus CD45− cells in meta-
static lungs (SI Appendix, Fig. S9A), suggesting that transferrin in
the metastatic microenvironment is mainly expressed by the
stromal cells rather than tumor cells. Using two sets of real-time
PCR primers that target different regions of transferrin mRNA,
we found that GM-CSF induces transferrin (but not lactoferrin)
mRNA in a time-dependent manner and that the induction is
markedly stronger than that elicited by G-CSF (SI Appendix, Fig.
S9B). GM-CSF can also stimulate transferrin expression in FACS-
sorted neutrophils (SI Appendix, Fig. S9C). It is noteworthy that
induction of transferrin mRNA was not observed in neutrophils
treated with Q-VD.OPH, a pan-caspase inhibitor that promotes
neutrophil survival to a level comparable to or higher than GM-
CSF treatment (SI Appendix, Fig. S10). Additionally, combination
of GM-CSF and Q-VD.OPH treatment did not further enhance
transferrin gene expression, compared with GM-CSF alone (SI
Appendix, Fig. S10). Thus, the induction of transferrin mRNA by
GM-CSF is not likely due to improved neutrophil survival.
To investigate the requirement of gene transcription or trans-

lation for GM-CSF–induced transferrin production, Ly6g+ neu-
trophils were treated with actinomycin D (ActD) or cycloheximide
(CHX) to block gene transcription or translation, respectively.
Treatment with either ActD or CHX significantly inhibited GM-
CSF–induced transferrin protein production (SI Appendix, Fig.
S9D), suggesting that the increased transferrin production requires
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de novo synthesis of transferrin mRNA and subsequent translation.
Moreover, ActD, but not CHX, significantly inhibits up-regulation
of transferrin mRNA by GM-CSF treatment (SI Appendix, Fig.
S9D), indicating that GM-CSF–initiated signaling directly stimu-
lates transcription of transferrin gene, without involving translation
of a secondary protein. These findings show that the transferrin
gene is actively transcribed and translated in neutrophils.

Neutrophil Transferrin Expression Is Governed by the Jak/Stat5β
Pathway. To further dissect the mechanisms of GM-CSF–induced
transferrin expression, Ly6g+ neutrophils were treated with inhibitors
of various signaling pathways before GM-CSF stimulation, and trans-
ferrin mRNA levels were then examined. GM-CSF–induced trans-
ferrin expression was dramatically inhibited by two Jak kinase inhibitors
(AZD1480 and baricitinib) (Fig. 3A), but not by inhibitors of the MEK
(cobimetinib), Akt/mTOR (dactolisib), Src (dasatinib), NF-κb (Bay 11–
7082 and SC-514), p38 (SB203580), and JNK (SP600125) pathways (SI
Appendix, Fig. S9E). Indeed, GM-CSF stimulated phosphorylation of
Stat5, a downstream substrate of Jak kinases, which was inhibited by
AZD1480 (Fig. 3B). In comparison, treatment of neutrophils with
G-CSF only stimulated p-Stat3, but not p-Stat5 (Fig. 3B). Based on
these results, we hypothesized that GM-CSF acts through the Jak/Stat5
signaling pathway to regulate neutrophil transferrin expression.
To test this possibility, we utilize MPRO cells, a promyelocytic

leukemia cell line that is capable of differentiating into neutrophils
upon treatment with all-trans retinoid acid (ATRA). MPRO neu-
trophils were transfected with siRNAs to selectively knockdown

expression of Jak family members, Stat3, Stat5α, or Stat5β. Knock-
down efficiency was confirmed through real-time PCR and/or
Western blot analyses (SI Appendix, Fig. S11 A and B). Our results
demonstrate that silencing Jak1, Jak2, or Stat5β, but not Jak3,
Tyk2, Stat5α, or Stat3, significantly inhibits GM-CSF–induced
transferrin expression (Fig. 3C). This is consistent with a previous
report that GM-CSF only induces DNA binding of Stat5β, but not
Stat5α, in human neutrophils (29). As expected, silencing Jak1,
Jak2, or Stat5β suppressed GM-CSF–induced p-Stat5 (SI Appen-
dix, Fig. S11C). Therefore, GM-CSF induces neutrophil trans-
ferrin expression through activation of Jak1/2 and Stat5β.
Induction of transferrin gene expression by the Jak/Stat5β

pathway is likely neutrophil-specific. Transferrin expression did
not change when Hepa1-6 hepatoma cells were transfected with
siRNAs targeting Jak1, Jak2, or Stat5β (SI Appendix, Fig. S11D).
In contrast, siRNA against HNF4α, a known transcription factor
for hepatocyte transferrin expression (30), inhibited transferrin
gene expression in Hepa1-6 cells (SI Appendix, Fig. S11D), but not
in neutrophils (Fig. 3C).
We then investigated the impact of Jak kinase inhibition on

neutrophil transferrin expression in vivo. Treatment of 4T1 (Fig.
3D) or 3LL (SI Appendix, Fig. S8C) tumor-bearing mice with
50 mg/kg AZD1480 inhibited p-Stat5 and transferrin expression in
neutrophils and transferrin production in the lungs. Accordingly,
metastatic growth after surgical removal of primary 4T1 (Fig. 3E)
or 3LL (SI Appendix, Fig. S8D) tumors was significantly delayed by
AZD1480 treatment, consistent with a previous report (31).
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Transferrin Secreted by Human Neutrophils Stimulates Tumor Cell
Growth. We isolated neutrophils from peripheral blood of breast
cancer patients with metastatic diseases. We found that human
neutrophils also express transferrin mRNA and protein, which can
be augmented by GM-CSF and suppressed by Jak kinase inhibi-
tors (Fig. 4A). GM-CSF also induced transferrin production in
neutrophils from nonmetastatic breast cancer patients and healthy
donors (SI Appendix, Fig. S12A). GM-CSF stimulated p-Stat5 in
human neutrophils, which was abolished by AZD1480 (Fig. 4B).
TNF-α, LPS, and fMLP also significantly stimulated transferrin
production from human neutrophils (SI Appendix, Fig. S12B).
MDA-MB-231 tumor cell conditioned media enhanced transferrin
production by human neutrophils, which was significantly suppressed
by anti–GM-CSF (Fig. 4C). Treatment with human neutrophil CM
stimulated growth of human breast cancer cells, an effect that was
largely abolished by immunodepletion of transferrin (Fig. 4D and SI
Appendix, Fig. S12C). Knockout of Tfr1 expression in SUM159 cells
dramatically inhibited human neutrophil CM-induced SUM159 cell
growth (Fig. 4D). Collectively, these results demonstrate that transferrin

produced by human neutrophils acts through Tfr1 to stimulate tumor
cell growth.

Discussion
Analysis of the secretome of tumor-associated neutrophils led us
to discover that the iron-transporting protein transferrin is largely
responsible for neutrophil-derived mitogenic activity on tumor
cells. This finding substantiates the hypothesis that neutrophils
cannot only promote tumor angiogenesis and suppress anticancer
immunity but can also directly stimulate tumor cell growth. De-
pletion of neutrophils or deletion of transferrin receptor in tumor
cells inhibited lung metastasis in our mouse models. Another key
finding of our study was the identification of a neutrophil-specific
mechanism for regulation of transferrin gene expression. We
found that GM-CSF can induce transferrin expression through
activation of the Jak/Stat5β pathway. Accordingly, GM-CSF neu-
tralization or Jak inhibition suppressed neutrophil transferrin ex-
pression and mouse tumor lung metastasis.
Our understanding of the role of GM-CSF in cancer has con-

siderably evolved. While initial studies emphasized the anticancer
function of GM-CSF through supporting maturation and activation
of dendritic cells, macrophages, and other aspects of the anticancer
immunity, accumulating evidence has revealed numerous mecha-
nisms through which GM-CSF facilitates cancer development and
progression. GM-CSF expression levels were found to be positively
correlated with the metastatic potential of tumor cell lines (32).
Recently, another study reported that obesity induces pulmonary
neutrophilia that promotes breast cancer metastasis, in a GM-CSF–
and IL-5–dependent manner (33). However, the mechanism by
which GM-CSF and neutrophils promote metastasis in that context
remains unclear. Here, we show that GM-CSF stimulates expres-
sion of transferrin, a potent tumor cell mitogen, in neutrophils.
Anti–GM-CSF treatment reduces transferrin production in the lung
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and inhibits cancer metastasis. In light of our data and previous
observations (2), it is conceivable that G-CSF and GM-CSF work
in concert to promote the prometastatic functions of neutrophils:
primary tumor-secreted G-CSF systemically increases neutrophil
production and recruitment to the metastatic sites (e.g., lung).
GM-CSF, expressed mainly by metastatic tumor cells, induces
activation of the Jak/Stat5β pathway in neutrophils and enhances
transferrin production in the metastatic microenvironment, which
in turn favors metastatic growth in a paracrine manner (SI Ap-
pendix, Fig. S12D). G-CSF or, to a lesser extent, GM-CSF is used
to enhance myeloid recovery in cancer patients after chemother-
apy (34). However, despite the success of this therapy, G-CSF or
GM-CSF administration may risk fueling cancer progression by
enhancing neutrophil accumulation and transferrin expression in
the metastatic microenvironment.
Earlier work suggested that transferrin or its receptor might be

potential therapeutic targets for cancer therapy (35). However,
very little progress has been made in the clinical translation of this
hypothesis, possibly due to the concern that systemic targeting of
this pathway may result in major toxicity, given its critical role in
iron delivery to normal cells (21). Inactivation of the Tfr1 gene
results in embryonic lethality in mice due to severe anemia and
impaired neurological development (36). A promising alternative is
to either selectively target Tfr1 in tumor cells or to lower trans-
ferrin levels in surrounding tissues. Indeed, our study has revealed
neutrophils as an unexpected source of transferrin within the
metastatic microenvironment. The identification of the GM-CSF/
Jak/Stat5β pathway as a neutrophil-specific regulatory mechanism
for transferrin gene expression should make it possible to target
this axis for cancer therapy, without interfering with its homeostatic
functions.

Finally, although the models that we employed emphasize a role
in metastasis, it is conceivable that the mechanism that we iden-
tified also plays a role in primary tumor growth in other contexts.
It is tempting to speculate that it may also be implicated in
neutrophil-dependent tissue repair or remodeling processes.

Materials and Methods
Biospecimens were collected by the Moores Cancer Center Biorepository and
Tissue Technology shared resource fromconsentedpatients underaUniversity of
California, San Diego Human Research Protections Program Institutional Review
Board approved protocol (HRPP no. 090401). Animal studies were approved and
performed in compliance with guidelines by the University of California, San
Diego Institutional Animal Care and Use Committee.

To establish primary tumors in mice, 4T1 tumor cells were injected in the
mammary fat pads, while 3LL tumor cells were s.c. implanted. Mouse lung
metastasis was assessed by manual counting of metastatic nodules and H&E
staining of lung sections. All antibodies were administrated intraperitoneally
every other day, and AZD1480 was administrated daily through oral gavage.
To prepare neutrophil CM, Ly6g+ mouse neutrophils were isolated and cul-
tured in serum-free DMEM (for proteomic characterization) or RPMI-1640
with 1% FBS (for other experiments) for 12 h. Detailed Procedures for in vitro
experiments, animal studies, and statistical analysis are described in the
SI Appendix.
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