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Background. As therapies for systemic cancer improve
and patients survive longer, the risk for brain metastases
increases. We evaluated whether immune mechanisms
are involved in the development of brain metastasis.
Methods. We conducted our studies using BALB/c mice
bearing syngeneic 4T1 mammary adenocarcinoma cells
in the mammary gland.
Results. The brains of mice bearing 4T1 tumors at day 14
had no detectable metastatic tumor cells but presented
with marked accumulation of bone marrow–derived
CD11b+Gr1+ myeloid cells, which express high levels
of inflammatory chemokines S100A8 and S100A9. In
vitro, S100A9 attracts 4T1 cells through Toll-like recep-
tor 4 and CD11b+Gr1+ myeloid cells through Toll-like
receptor 4 and the receptor for advanced glycation end-
products. Systemic treatment of 4T1-bearing mice with
anti-Gr1 (RB6-8C5) monoclonal antibody reduces accu-
mulation of CD11b+Gr1+ myeloid cells in the day-14
premetastatic brain as well as subsequent brain metasta-
sis of 4T1 cells detected on day 30. Furthermore,
treatment of 4T1 tumor-bearing mice with the cyclooxy-
genase-2 inhibitor celecoxib or genetic disruption of cy-
clooxygenase-2 in 4T1 cells inhibits the inflammatory
chemokines and infiltration of CD11b+Gr1+ myeloid
cells in the premetastatic brain and subsequent formation
of brain metastasis.
Conclusions. Our results suggest that the primary tumor
induces accumulation of CD11b+Gr1+ myeloid cells in
the brain to form “premetastatic soil” and inflammation

mediators, such as S100A9, that attract additional
myeloid cells as well as metastatic tumor cells.
Celecoxib and anti-Gr1 treatment may be useful for
blockade of these processes, thereby preventing brain
metastasis in patients with breast cancer.

Keywords: brain metastasis, breast cancer, CCL2,
myeloid-derived suppressor cells, prostaglandin-E2,
S100A8/A9.

B
reast cancer is the most common malignancy in
women in the United States, and metastasis is a
major cause of morbidity and mortality. About

15%–20% of women with metastatic breast cancer
experience clinically symptomatic metastases to the
brain,1,2 while at autopsy, brain metastases are in
fact discovered in more than 30% of breast cancer
patients.2,3 The incidence of brain metastases has been
increasing as treatment options for primary breast
cancer improve and patients live longer. Unfortunately,
we lack effective treatment options: although stereotac-
tic radiosurgery has emerged as a possible alternative
to whole-brain radiotherapy and surgery,4 the median
overall survival for patients with breast cancer metasta-
ses to the brain remains ,1 year.5

Cancer metastasis depends on the conditions of both
the organ in which the primary tumor originates and the
tissue to which the tumor cells travel.6 Recent studies
have suggested that the primary tumor can immunolog-
ically condition the metastatic site to facilitate its
metastatic spread.7 Tumor-associated host cells, such
as myeloid cells, appear to mediate the conditioning in
the metastatic site.8 However, it remains unclear
whether the primary breast cancer impacts the environ-
ment of the brain, thereby promoting brain metastasis.
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In the current study, we used BALB/c mice and
the syngeneic 4T1 mammary carcinoma model.9 This
tumor model shares many features with human breast
cancer in terms of progressive growth in the mammary
gland and active metastasis to other organs, while the
model is virtually nonimmunogenic in syngeneic mice.9

Our data indicate for the first time that primary breast
cancer creates premetastatic soils in the brain via inflam-
matory mediators and CD11b+Gr1+ myeloid cells,
thereby promoting brain metastasis.

Materials and Methods

Cell Lines and Animals

4T1 cells, 4T1 cells transfected with enhanced green
fluorescent protein (4T1-EGFP), and JC mammary
adenocarcinoma cell lines (H-2d) were cultured in
RPMI-1640 (Roswell Park Memorial Institute medium;
Mediatech) and supplemented with 10% fetal bovine
serum(GeminiBio-Products)and1%penicillin/streptomy-
cin (Invitrogen). H-2d BALB/c mice were obtained from the
Jackson Laboratory. EGFP transgenic BALB/c mice were
kindly provided by Dr Stephen H. Thorne (University of
Pittsburgh). Animals were handled in the Animal Facility
at the University of Pittsburgh per an Institutional Care
and Use Committee–approved protocol.

Quantitative Real-time PCR

The procedure has been described previously.10 The
following primers and probes were obtained from
Applied Biosystems: CCL2 (Mm00441242_m1), CCL17
(Mm01244826_g1), CCL22 (Mm00436439_m1),
CCL28 (Mm00445039_m1), COX2 (Mm03294838_
g1), CSF-1 (Mm01200006_m1), CXCL12 (Mm00445553_
m1), S100A8 (Mm00496696_g1), S100A9 (Mm00656925_
m1), SAA3 (Mm00441203_m1), and GAPDH
(Mm99999915_g1). GAPDH was used as the internal
control.

Isolation of Brain-Infiltrating Leukocytes

The procedure to isolate brain-infiltrating leukocytes
(BILs) has been described previously.10–12 BILs were
pooled from 3 or 5 mice in a given group, and leukocyte-
gated populations were evaluated using an Accuri
C6 flow cytometer (Becton Dickinson). Fluorescein
isothiocyanate–conjugated anti-Ly6C, phycoerythrin-
conjugated anti-Ly6G, phycoerythrin-conjugated anti-
Gr1, and allophycocyanin-conjugated anti-CD11b were
purchased from eBioscience. Sorting was performed
using a MoFlo high-speed cell sorter (Beckman Coulter).

Establishment of the EGFP Bone Marrow Chimera
Mouse Model

Bone marrow (BM) transplantation was performed with
EGFP transgenic BALB/c mice as donors and BALB/c

mice as recipients. Prior to transplantation, the recipient
mice received 10 Gy irradiation. Twenty-four hours
after irradiation, the mice were transplanted with 1 ×
106 BM cells from the donor mice by i.v. injection
in the tail vein. After 2 weeks, peripheral blood cells
were collected from the recipient mice and analyzed
using flow cytometry to confirm the chimerism with
donor-derived cells.

Fluorescence Imaging of Brain Tissues

Mice bearing 4T1-EGFP cells in the primary mammary
gland were sacrificed and perfused with 2% paraformal-
dehyde. The brain was removed and cut into 3-mm-thick
slices using mouse brain matrix (Kent Scientific) and
blades. Imaging was performed under Multiphoton
Fluorescence Microscopy (Olympus) at the Cell and
Tissue Imaging Facility within the Center for Biological
Imaging of the University of Pittsburgh.

Live Animal Imaging

Imaging was performed using an IVIS200 Imaging
System (Xenogen Biosciences) at the In Vivo Imaging
Facility of the University of Pittsburgh Cancer Institute.
Mice were anesthetized using isoflurane.

Clonogenic Assay for Evaluation of Spontaneous
Brain Metastasis

The procedure has been described previously13 and per-
formed with minor modifications. In brief, BALB/c mice
first received inoculations of 5 × 104 tumor cells in the
primary mammary gland. On day 14 or 30, mice were
sacrificed and perfused with 20 mL phosphate buffered
saline (PBS). Their brains were removed and finely
minced with 18G and 27G needles. After extensive
washing with PBS, single cell suspensions from each
mouse were plated in a 10-cm tissue culture dish.
The cells were cultured in the presence of 60 mM 6-thio-
guanine (Sigma-Aldrich) during the final 7–10 days of
the total 28-day culture period to selectively grow
tumor cells. The culture dishes were then fixed with
methanol and stained with crystal violet for counting
the foci of tumor cells that gave rise from each animal.

Histidine-fused S100A9 and Anti-S100A9 Antibody

Histidine (His)-fused recombinant murine S100A9
protein (His-fusion S100A9 plasmid was kindly provid-
ed by Dr Yoshiro Maru, Tokyo Women’s Medical
University) and anti-S100A9 polyclonal antibody (Ab)
were generated by Biomatik. For Ab production, New
Zealand rabbits were immunized with recombinant
S100A9-His protein with 8 boosts over �70 days.
Serum from the rabbits was purified by protein A/G
affinity column. Control histamine and rabbit immuno-
globulin (Ig)G were purchased from Sigma-Aldrich.
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In vitro Migration Assay

Migration of 4T1 tumor cells and BM-derived CD11b+

cells to recombinant S100A9-His protein was evaluated
using a chemotaxis Boyden chamber (Neuro Probe). The
upper and lower wells were separated by a 5-mm pore-
size polyvinylpyrrolidone-free polycarbonate membrane
(Nucleopore). Recombinant S100A9-His at gradient
concentrations was applied to the lower wells.
Aliquots of cell suspensions (5 × 104 cells/100 mL/
well) were seeded in each of the upper wells and incubat-
ed for 3 h at 378C with 5% CO2. Anti–Toll-like recep-
tor 4 (TLR4) and anti–receptor for advanced glycation
end-products (RAGE) blocking Abs were purchased
from eBioscience and Abcam, respectively. The carbox-
ylated N-glycan–specific monoclonal (m)Ab GB3.1 and
control isotype Ab were kindly provided by Dr Geetha
Srikrishna (Sanford Children’s Health Research
Center, Sanford-Burnham Medical Research Institute).

Ab Treatment

BALB/c mice bearing 4T1 tumor cells received Ab treat-
ments via i.p. injections on days 3, 7, 10, and 14 at the fol-
lowing doses: anti-Gr1 Ab (clone RB6-8C5, 0.25 mg/
dose) or control IgG, anti-mouse chemokine C-C ligand
2 (CCL2) mAb (C1142, 0.2 mg/dose; Janssen), or
control isotype Ab (cVaM; Janssen). The heavy chains
and light chains in cVaM were derived from 2 different
mouse Abs that recognize other antigens. The cVaM
Ab does not recognize either antigen, unlike the
parental Abs.

Celecoxib Treatment

BALB/c mice bearing 4T1 tumors received celecoxib
(Celebrex, Pfizer) via diet (6 mg/day) from day 1 to
day 14 (for evaluation of premetastatic conditions) or
to day 30 (for evaluation of spontaneous metastases).

Cyclooxygenase-2 Knockdown in 4T1 cells

Cultured 4T1 cells were transfected with cyclooxygen-
ase (COX)2–targeting short hairpin RNA or nontarget-
ing short hairpin RNA control (OriGene) using
Lipofectamine 2000 (Invitrogen) according to the man-
ufacturer’s instructions, followed by selection of stable
transfectant clones with 10 mg/mL puromycin. The
targeting sequence for COX2 was 5′-CTGGTGCC
TGGTCTGATGATGTATGCCAC-3′. The clone that
showed the most efficient reduction of COX2 without
affecting in vitro growth, based on COX2 PCR and
prostaglandin-E2 (PGE2) enzyme-linked immunosorbent
assay, was selected and used in the current study.

Statistical Analysis

Paired or unpaired data indicated as mean+ SD were
analyzed using a paired or nonpaired, respectively,
Student’s t-test. P , .05 was considered significant.

Results

Mice Bearing 4T1 Tumors in the Mammary Gland
Present Accumulation of CD11b+Gr1+ Cells and
Upregulation of Inflammatory Chemokines in the
Premetastatic Brain

We first evaluated the time course of spontaneous metas-
tasis to the brain using BALB/c mice bearing 4T1 tumors.
On day 14 following the inoculation of the tumor cells in
the mammary gland, neither clonogenic assays (Fig. 1A)
nor microscopic analyses using 4T1-EGFP cells
(Fig. 1B) demonstrated any evidence of tumor cell metas-
tasis in the brain, while these assays readily detected met-
astatic tumor cells in the brains of mice bearing 4T1
tumors at day 30. Furthermore, we performed additional
experiments with 4T1 tumor cells stably transduced with
luciferase (4T1-luc) and PCR for specific primers for lu-
ciferase. We readily detected luciferase mRNA in
day-30 brains but not in day-14 brains (data not shown).

However, when the brains of mice bearing 4T1 tumors
of day 14 were evaluated for BILs and mRNA expression
for inflammatory chemokines, there was a marked
accumulation of CD11b+Gr1+, CD11b+Ly6C+, and
CD11b+Ly6G+ immature myeloid cells (IMCs)
(Fig. 1C) and upregulation of S100A8, S100A9, SAA3,
and CCL2 (Fig. 1D) compared with non–tumor-bearing
control mice. Other chemokines that are often described
for their roles in cancer-induced immunosuppression
(namely, CCL17, CCL22,14 CCL28,15 CXCL12,16and
CSF-117) were not significantly elevated in the mice
bearing day-14 tumors. Based on the absence of metastat-
ic tumor cells despite the highly inflammatory conditions,
we hereby term the brain of mice bearing 4T1 tumors of
day 14 as the premetastatic brain.

CD11b+Gr1+ Cells That Accumulated in the
Premetastatic Brain Are Bone Marrow Derived and
Responsible for the Brain Metastasis of 4T1 Tumor Cells

Of the 2 CD11b+ myeloid cell populations in the brain,
resident microglia are long-standing brain resident cells,
while BM-derived myeloid cells have recently migrated
in the brain from the systemic circulation.18 To deter-
mine whether the IMCs that accumulated in the brains
of 4T1-bearing mice were BM derived, we established
BM chimera mice in whom BM cells were replaced
with cells from EGFP-transgenic mice. As demonstrated
in Fig. 2A, in vivo imaging of EGFP+ cells in mice
bearing day-14 mammary 4T1 tumors demonstrated
positive EGFP signals in the head, while control non–
tumor-bearing mice did not show detectable signals.
Indeed, flow cytometric analysis of BILs (Fig. 2B)
revealed the enhanced accumulation of EGFP+

CD11b+ BILs compared with control mice.
To address whether the BM-derived IMCs were

directly responsible for the formation of brain metasta-
sis, we treated 4T1-bearing mice with anti-Gr1
mAb (RB6-8C5). We have previously demonstrated
that i.p. injections of this mAb efficiently deplete
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Fig. 1. The primary 4T1 tumor induces accumulation of IMCs and upregulation of inflammatory chemokines in the premetastatic brain. (A)

Clonogenic assay with mice bearing 4T1 tumors of day 14 or day 30. Numbers of 4T1 cell colonies/mouse are plotted (n ¼ 5/group). (B)

Multiphoton microscopy on brain tissues from mice bearing 4T1-EGFP tumors of day 14 or day 30. NC ¼ negative control mice without

tumor inoculation. PC ¼ positive control mice that received intracranial injection of 4T1-EGFP tumor cells. Original magnification: 20×.

(C) BIL analysis on CD11b+Gr1+, CD11b+Ly6C+, and CD11b+Ly6G+ cells (n ¼ 5/group). The number in each histogram indicates the

percentage of double-positive cells (upper panels). The lower graph shows the percentage of CD11b+Gr1+ cells in 3 independent

experiments. Bars indicate mean+SD. (D) mRNA expression levels for indicated chemokines (n ¼ 5/group) in mice bearing day-14

tumors relative to those in control mice receiving saline.
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CD11b+Gr1+ IMCs systemically and in the microenvi-
ronment of mouse gliomas.11,12 As shown in Fig. 2C,
the anti-Gr1 mAb reduced CD11b+Gr1+ BILs in the
brains of mice bearing day-14 mammary 4T1 tumors.
Furthermore, the treatment significantly reduced
numbers of brain metastases based on the clonogenic
assay: 56.6+15.1 colonies/mouse (mean+ SD) com-
pared with 120.2+24.95 colonies/mouse observed
with control IgG treatment (Fig. 2D). These results

provide evidence that CD11b+Gr1+ IMCs contribute
to the spontaneous brain metastasis of 4T1 tumors.

S100A9 Attracts CD11b+Gr1+ BM Cells and 4T1
Tumor Cells via Its Cognate Receptors

As demonstrated in Fig. 1D, S100A8 and S100A9 (hence-
forth S100A8/A9) were 2 of the most significantly upregu-
lated chemokines in the premetastatic brain, which

Fig. 2. BM-derived IMCs promote brain metastasis. (A and B) Mice chimeric with EGFP+ BM cells with or without 4T1 tumors. (A) In vivo imaging

of EGFP signals on day 14 after 4T1 cell (right) or control saline (left) injection. (B) CD11b+Gr1+ BILs in tumor-free (left) or 4T1-bearing (right)

mice on day 14. CD11b+Gr1+ BILs were EGFP+ (bottom panels). (C and D) Mice bearing 4T1 tumors were treated with anti-Gr1 mAb or control

IgG. (C) CD11b+Gr1+ BILs in mice treated with control IgG (left) or with anti-Gr1 mAb (right) on day 14 (n ¼ 5/group). The number in each

histogram indicates the percentage of CD11b+Gr1+ cells (upper panels). The graph shows the percentage of CD11b+Gr1+ cells in 3 repeated

experiments. (D) Clonogenic assays with the brains of mice bearing 4T1 tumors of day 30 treated with anti-Gr1 mAb or control IgG (n ¼ 10/

group). (E) CD11b+Gr1+, CD11b+Gr12, and CD11b2Gr12 populations of the day-14 BILs were evaluated for expression levels of S100A8

and S100A9 by real-time PCR (7 mice). Boxes and bars indicate range of mean values in 2 independent experiments.
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was also infiltrated by large numbers of BM-derived
CD11b+Gr1+ cells. Therefore, we hypothesized that
CD11b+Gr1+ cells would express high levels of
S100A8/A9. Indeed, as shown in Fig. 2E, CD11b+Gr1+

populations expressed more than 2 log scales higher
levels of S100A8/A9 compared with CD11b+Gr1– and
CD11b–Gr1– subpopulations of BILs.

To evaluate the role of S100A8/A9 in the observed ac-
cumulation of CD11b+Gr1+ BILs and tumor cell metas-
tasis, we produced His-fused murine S100A9 protein
(S100A9-His) and anti-S100A9 polyclonal Ab. As
S100A9 has a higher binding capacity to endothelial
cells compared with S100A819 and plays a predominant
role in leukocyte trafficking,20 we prioritized our assess-
ment on the role of S100A9 in inducing migratory activ-
ities of 4T1 tumor and BM-derived CD11b+ myeloid
cells, which were also Ly6C+Ly6G+ (Supplementary
Fig. S4). Migration of 4T1 cells toward S100A9-His
took place in the range of 10 pg/mL to 10 ng/mL, max-
imally at 100 pg/mL (Fig. 3A). Migration of CD11b+

cells was induced as low as 0.1 pg/mL S100A9-His,
with the maximal migration rate observed at 1 pg/mL

(Fig. 3B). When anti-S100A9 blocking Ab was added to
the lower chambers, the migration activities of 4T1
tumor cells and CD11b+ cells were inhibited (Fig. 3D
and E).

TLR4,21 RAGE,22,23 and carboxylated N-glycans24

are known to be the receptors for S100A8/A9.
BM-derived CD11b+Gr1+ cells expressed both TLR4
and RAGE on their surface, while 4T1 cells expressed
TLR4 but not RAGE (Fig. 3C). Pretreatment of 4T1
cells with anti-TLR4 mAb (Fig. 3D) or CD11b+ cells
with anti-TLR4, anti-RAGE, or the carboxylated
N-glycan–specific mAb GB3.1 (Fig. 3E) inhibited their
migration to S100A9.

COX2 and PGE2 Produced by the Primary Tumor
Contribute to the Infiltration of CD11b+Gr1+ Cells
in the Premetastatic Brain and Spontaneous Brain
Metastasis

PGE2, an important mediator of inflammation and a
metabolite of COX and PGE synthase, is highly elevated
in epithelial malignancies, including breast cancer, with

Fig. 3. S100A9 induces migration of 4T1 tumor and CD11b+ myeloid cells. (A) In vitro migration of 4T1 cells induced by recombinant

S100A9 at serial concentrations (pg/mL, n ¼ 3/group). (B) In vitro migration of BM-derived CD11b+ myeloid cells induced by S100A9

at serial concentrations (pg/mL, n ¼ 3/group). (C) Expression of TLR4 and RAGE on 4T1 cells and CD11b+Gr1+ splenocytes. Dotted

lines indicate staining with anti-TLR4 (left panels) or anti-RAGE (right panels) mAbs. Solid lines indicate staining with isotype control IgG.

(D) In vitro migration of 4T1 cells was induced by S100A9-His at 100 pg/mL. To determine the blocking effect of anti-S100A9 mAb, 1

mg/mL anti-S100A9 or its control IgG was added to the lower chamber. To determine the blocking effect of anti-TLR4, anti-RAGE, or

GB3.1, 5 × 105 4T1 cells were pre-incubated with each of these Abs (1 mg/mL) or control isotype IgG at 378C for 20 min, before the

migration assay (n ¼ 6/group). (E) In vitro migration of CD11b+ cells was induced by S100A9-His at 1 pg/mL. The methods to block

CD11b+ cell migration toward S100A9 using anti-S100A9, anti-TLR4, anti-RAGE, or GB3.1 are mentioned in the text. (A–E) P-values

*,.05, **,.01, and ***,.001, respectively.
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poor prognosis.25 We addressed the role of COX2 and
PGE2 in our model by genetically disrupting the COX2
(and resulting PGE2; Fig. 4A) expression in 4T1 cells by
stable transfection of COX2–targeting small interfering
RNA (4T1-COX2 KO cells). In vivo, mice inoculated
with 4T1-COX2 KO cells showed decreased percentages
of both CD11b+Ly6C+ and CD11b+Ly6G+ IMCs in
the premetastatic brain compared with mice bearing
mock-transfected 4T1 cells (Fig. 4B). Mice bearing
4T1-COX2 KO also exhibited a trend toward reduced
degrees of brain metastasis based on the clonogenic
assay (Fig. 4; P ¼ .0621). These results suggest a role
for COX2-PGE2 synthesis by the primary tumor in the
brain metastasis of 4T1 tumors.

Celecoxib Blocks the Upregulation of Inflammatory
Chemokines, IMC Accumulation, and Brain Metastasis
of 4T1 Tumors

To extend the previously discussed observations to a
more clinically applicable approach, we evaluated the
effects of celecoxib, a COX2 inhibitor. Oral celecoxib
administration (6 mg/day) was effective to reduce
CD11b+Gr1+ BILs in the premetastatic brain (Fig. 5A)
and expression levels of S100A8, S100A9, serum
amyloid A (SAA)3, and CCL2 (Fig. 5B). Furthermore,
as shown in Fig. 5C, oral celecoxib treatment
significantly reduced metastasis formation (6.2+
2.3 colonies/mouse) compared with the control saline
treatment (95.6+20.8 colonies/mouse).

Nonmetastatic JC Mammary Adenocarcinoma Cells
Produce Low Levels of PGE2 and Fail to Induce
Premetastatic Conditions in the Brain

To confirm the role of PGE2 production by mammary
carcinoma cells, we performed additional experiments

using the JC mammary adenocarcinoma, which is a
BALB/c-background, weakly immunogenic, but nonme-
tastatic model of breast cancer.26–28 JC cells produced
much lower levels of PGE2 in vitro compared with 4T1
cells (Supplementary Fig. S1A). Furthermore, in a strik-
ing contrast to the 4T1 model, JC cells inoculated in the
mammary pad did not induce upregulation of S100A8/
A9, SAA3, or CCL2 in the brain (Supplementary
Fig. S1B). These findings support our conclusion that
PGE2 produced by the primary tumor contributes to
premetastatic conditioning in the brain.

Treatment With Anti-CCL2 mAb Reduced the
Accumulation of IMCs and the Expression of S100A8,
S100A9, and SAA3 in the Premetastatic Brain

On the basis of the finding that celecoxib treatment
abrogated the elevated CCL2 expression in the premeta-
static brain, we sought to determine whether CCL2
would have direct contributions to the recruitment of
CD11b+Gr1+ cells via CCL2-CCR2.29,30 I.p. adminis-
tration of anti-CCL2 mAb resulted in a trend toward
reduced percentage of CD11b+Gr1+, CD11b+Ly6C+,
and CD11b+Ly6G+ cells by �25% (Fig. 6A) and
expression levels of S100A8/A9 and SAA3 in the
premetastatic brain (Fig. 6B).

The Liver and the Lung of Mice Bearing 4T1 Tumors
of Day 14 Also Demonstrated Metastases, Increased
CD11b+Gr1+ Cell Infiltration, and Upregulation
of S100A8/A9, SAA3, and CCL2

Although our primary focus was on the evaluation
of brain metastasis, mice bearing 4T1 tumors in the
mammary pad developed systemic metastases, including
those of the lung and liver, and died at around day 35
after tumor inoculation, mostly of lung metastases.

Fig. 4. PGE2 produced from primary tumor induces IMC infiltration in the premetastatic brain. (A) PGE2 production by mock-transfected 4T1

or 4T1-COX2 KO cells by enzyme-linked immunosorbent assay. (B) CD11b+Ly6G+ and CD11b+Ly6C+ BILs in mice bearing day-14

mock-transfected 4T1 or 4T1-COX2 KO tumors. BILs were pooled for each group and evaluated by flow cytometry (n ¼ 5/group). The

number in the right upper quadrant indicates the percentage of double-positive cells. (C) Clonogenic assay with mice bearing day-30

mock-transfected 4T1 or 4T1-COX2 KO tumors (n ¼ 5/group).
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This occurred even if the primary tumors were surgically
resected (data not shown), and this is consistent with
a previous report31 describing the metastatic activity
of 4T1 tumors. The only discrepancy between our

observations and the referenced study is that we ob-
served microscopic brain metastases by day 30 in all
mice, while Pulaski and Ostrand-Rosenberg31 reported
that brain metastases were not detected until after day

Fig. 5. Systemic administration of celecoxib reduces infiltration of IMCs, inflammatory chemokines, and tumor metastasis in the brain. (A)

CD11b+Gr1+, CD11b+Ly6C+, and CD11b+Ly6G+ BILs in non–tumor-bearing mice (left), tumor-bearing mice treated with (right) or

without (center) celecoxib (n ¼ 5/group). The number in each histogram indicates the percentage of double-positive populations. The

graph shows the percentages of CD11b+Gr1+ BILs in 3 independent experiments. (B) Expression of S100A8, S100A9, SAA3 (n ¼ 3/

group), and CCL2 (n ¼ 6/group) in the brain of tumor-free mice and tumor-bearing mice treated with or without celecoxib on day 14.

(C) Clonogenic assay with mice bearing 4T1 tumors of day 30 treated with or without celecoxib (n ¼ 5/group).
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34. This is likely due to the highly sensitive methods that
we employed for the detection of brain metastases.

In our data, the liver and the lung of mice bearing 4T1
tumors of day 14 also demonstrated strong trends
toward increased CD11b+Gr1+ cell infiltration as well
as upregulation of S100A8/A9, SAA3, and CCL2
(Supplementary Fig. S2A, C, and D). Systemic adminis-
tration of celecoxib confirmed the previous observation
by Sinha et al.32 and reduced the number of lung
metastases by day 30 (Supplementary Fig. S2B), which
was associated with a trend toward suppression of
CD11b+Gr1+ cell infiltration and the inflammatory che-
mokines (Supplementary Fig. S2A, C, and D). Although
somewhat less consistently than observed in the brain,
treatment with anti-Gr1+ mAb (Supplementary
Fig. S3), anti-S100A9, GB3.1 (Supplementary Fig. S4),

or anti-CCL2 (Supplementary Fig. S5) demonstrated a
trend toward reduced accumulation of CD11b+Gr1+

cells in the liver and the lung.

Discussion

In the current study, we report for the first time that
primary breast cancer induces robust inflammatory
responses in the brain before tumor cells metastasize
(the “premetastatic brain”). COX2/PGE2 derived from
the primary tumor appears to expand BM-derived
CD11b+Gr1+ IMCs systemically, including in the
brain. SA100A9, which is produced by CD11b+Gr1+

BILs at high levels, attracts BM-derived myeloid cells
and 4T1 tumor cells in vitro, suggesting a possibility

Fig. 6. Anti-CCL2 mAb reduces infiltration of IMCs and expression of S100A8, S100A9, and SAA3 in the brain. BALB/c mice bearing 4T1

tumors were treated with anti-CCL2 mAb or control Ab i.p. (A) CD11b+Gr1+, CD11b+Ly6C+, and CD11b+Ly6G+ BILs in mice treated with

control Ab (left) or with anti-CCL2 mAb (right). The number in each histogram indicates the percentage of double-positive populations. The

graph shows the percentages of CD11b+Gr1+ BILs in 3 independent experiments. (B) Expression of S100A8, S100A9, and SAA3 in the brain

of tumor-free (n ¼ 3/group) or tumor-bearing mice treated with control IgG or anti-CCL2 mAb (n ¼ 6/group).
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that this chemokine pathway promotes further recruit-
ment of CD11b+Gr1+ myeloid cells and tumor cells to
the brain. Our data also suggest that depletion of Gr1+

cells or celecoxib treatment may be useful for prevention
of brain metastasis.

Definition of the premetastatic condition required
thorough evaluations to prove the absence of tumor
cells in the brains of day-14 tumor-bearing mice. To
this end, we employed 3 methods: (i) clonogenic assay,
(ii) multiphoton microscopic imaging, and (iii) PCR.
With these 3 sensitive and complementary methods,
we were unable to detect the presence of tumor cells in
day-14 brains, while day-30 brains readily showed the
presence of tumor cells (Fig. 1). These data provided us
with the strong basis to define the premetastatic soil in
the brain of mice bearing 4T1 tumors of day 14.

In the current study, the accumulation of BM-derived
CD11b+Gr1+ cells in the premetastatic brain was associat-
ed with increased expression of S100A8, S100A9, SAA3,
and CCL2 (Fig. 1). Several studies have shown enhanced
recruitment of CD11b+ myeloid progenitor cells in the
premetastatic niches and their role in promotion of lung
and liver metastases.23,33,34 Similarly to these previous
studies, the lung and the liver of mice bearing 4T1 tumors
of day 14 also demonstrated increased CD11b+Gr1+ cell
infiltration and upregulation of S100A8/A9, SAA3, and
CCL2 (Supplementary Fig. S2). Although we did not
examine the presence of lung or liver metastases on day
14, according to the previous report,31 it is highly likely
that the metastatic tumors were present in the lung.
Previous reports by others using murine lung cancer and
melanoma cells have demonstrated that S100A8,
S100A9, and SAA3 act as positive feedback regulators
for the accumulation of myeloid cells and tumor cells in
the premetastatic lung.8,34 Therefore, it is possible that
the same mechanisms may operate in the lung metastases
of 4T1 tumors in our current model. Further studies are
warranted to determine whether the premetastatic inflam-
matory milieu takes place in the other organs in the 4T1
model. Nonetheless, the current study is the first to demon-
strate the premetastatic soil in the brain. As accumulation
of CD11b+Gr1+ cells could also be promoted by other
pathways, such as CXCL12-CXCR4,16 further investiga-
tions are warranted to understand the precise mechanisms
underlying the premetastatic conditioning.

Administration of anti-Gr1 mAb (RB6-8C5) signifi-
cantly reduced CD11b+Gr1+ cells and tumor metastasis
in the brain (Fig. 2). CD11b+Gr1+ myeloid cells are clas-
sified as Ly6Chigh or Ly6Ghigh, which represent monocyt-
ic and granulocytic subpopulations, respectively.35,36

RB6-8C5 was originally developed to recognize a
surface antigen, Gr1,37 which is a member of the Ly6
gene family. Then, Ly6G was found to be the major
antigen detected by RB6-8C5.38 Hence, RB6-8C5 may
preferentially deplete the Ly6Ghigh granulocytic subpo-
pulation, which may be responsible for the promotion
of brain metastasis. As CD11b+Gr1+ cells are often
referred to as myeloid-derived suppressor cells, which
are heterogeneous IMCs with potent abilities to suppress
T-cell functions,35 it is possible that the accumulated
CD11b+Gr1+ cells promote tumor metastasis by

suppressing antitumor T-cell responses. Further studies
are warranted to evaluate this hypothesis.

Although several chemokines, such as CCL17,
CCL22,14 CCL28,15 CXCL12,16 CSF-1,17 S100A8,
S100A9, and SAA3,8 have been shown to promote
tumor metastasis by modulating the immunological
environment of the metastatic site, in our model only
S100A8, S100A9, and SAA3 were upregulated among
these chemokines (Fig. 1). Both S100A8 and S100A9
belong to the well-conserved S100 family of EF-hand
calcium-binding proteins. Activated neutrophils, mono-
cytes, or macrophages as well as CD11b+Gr1+ myeloid
cells release these proteins predominantly as S100A8/A9
heterodimers, which are chemotactic and attract leuko-
cytes in the local microenvironment.39 Interestingly, the
S100A92/2 mice have no detectable S100A8 in peripheral
blood cells, probably because of higher turnover of isolat-
ed S100A8 in the absence of binding partner S100A9.40 As
CD11b+Gr1+ cells were the major producer of S100A8/
A9, our data in Fig. 3 strongly suggest a role of the positive
feedback loop for S100A8/A9 to promote the accumula-
tion of CD11b+Gr1+ cells and metastasis of 4T1 tumor
cells via TLR4. Although systemic treatment with
anti-S100A9 Ab showed a trend toward decreased per-
centages of CD11b+Gr1+ cell infiltration in the premeta-
static brain, the lung, and the liver (Supplementary Fig.
S4A and B), the same treatment did not significantly
reduce the degree of brain metastasis (data not shown).
This may be due to the suboptimal dose of the
anti-S100A9 used in vivo and the contributions of other
tumor-derived factors in the promotion of the metastasis.
Nonetheless, our data and information from other
studies warrant further studies on S100A9 as an attractive
target for prevention of cancer metastasis.

In our study, SAA3 was one of the most significantly
upregulated biological response mediators in the preme-
tastatic brain. SAA3 is an apolipoprotein and belongs to
the family of acute-phase SAA proteins secreted in in-
flammation.41 Like S100A8/A9, SAA3 binds to TLR4
and is upregulated in cancer-induced inflammatory con-
ditions.8 However, although mouse SAA3 is involved in
immune, metabolic, and cardiovascular homeosta-
sis,42,43 human SAA3 is encoded by a pseudogene, and
its functional protein is not known yet.41 As such, we
consider SAA3 not highly relevant to humans and there-
fore focused on S100A8/A9. Nonetheless, in mice,
SAA3 was induced by S100A8/A9 in the premetastatic
niche and was able to induce expression of tumor necro-
sis factor (TNF)–a in macrophages.44 Conversely, in-
flammatory cytokines including TNF-a are potent
inducers of SAA in macrophages45 and activate
S100A8/A9.46 In our model, upregulation of S100A8/
A9 and SAA3 in the premetastatic brain was associated
with increased serum levels of TNF-a (Supplementary
Fig. S6). Hence, in our model, a positive feedback loop
of TNF-a, SAA3, and S100A8/A9 may constitute a
pro-inflammatory milieu that recruits CD11b+Gr1+

myeloid cells in the brain. Further studies are warranted
to determine the specific role of TNF-a.

PGE2 is an inducer of CD11b+Gr1+ myeloid cells.32

COX2 expression in primary breast cancer is associated
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with metastasis and poor prognosis.47 Our data using
4T1-COX2 KO cells demonstrated a trend toward
reduced formation of brain metastasis compared with
the control group (Fig. 4; P ¼ .0621). The impact was
more striking with celecoxib administration (Fig. 5).
This is probably because systemic administration of cel-
ecoxib can reduce PGE2 levels systemically in a variety of
cell types, including myeloid cells. Nonetheless, our data
using 4T1-COX2 KO cells and JC cells strongly suggest
that primary tumor–derived COX2 is still at least par-
tially responsible for the brain metastasis. Taken togeth-
er, these data indicate that the PGE2 pathway must play
a critical role upstream of the pro-inflammatory milieu,
inducing the premetastatic condition in the brain.

The premetastatic condition was also associated with
the elevation of CCL2, which is one of the primary
chemokines attracting CD11b+Gr1+ myeloid cells.48

Systemic anti-CCL2 mAb treatment suppressed
S100A8/A9 and SAA3 levels (Fig. 6). The trend toward
reduced CD11b+Gr1+ BILs by anti-CCL2 mAb treat-
ment did not reach the defined level of significance
(Fig. 6A; P ¼ .0699). This is likely due to the small-size
comparison of results from 3 independent experiments,
each of which employed BILs pooled from 3 or 5 mice
per group. Nonetheless, since anti-CCL2 mAb treatment
significantly reduced S100A8/9 and SAA3 levels (Fig. 6B)
and reduced the levels of myeloid cells in lung and liver
(Supplementary Fig. S5), it is reasonable to interpret
that anti-CCL2 mAb systemically inhibits the inflamma-
tory milieu. Several studies, including ours,29 have dem-
onstrated the suppression of tumor growth and
metastasis through the blockade of myeloid cell accumu-
lation.30,48 CCL2 blockade also enhanced the efficacy of
vaccines against non–small cell lung cancer by enhancing
the induction of antigen-specific CD8+ T-cells and reduc-
tion of intratumoral T regulatory cells,49 supporting
future developments of combination approaches using
tumor vaccine and CCL2 blockade.

Although the 4T1 tumor model shares many features
with human breast cancer in terms of progressive growth
in the mammary gland and active metastasis to the
draining lymph nodes and other organs,9,50 one major
limitation of the current model may be the short time
window for our investigation due to the rapid growth
of the tumor, while in humans, it takes at least several
years to observe brain metastases. Nonetheless, the key
clinical relevance of the current preclinical study is
strongly supported by a recent publication demonstrat-
ing that daily use of acetylsalicylic acid (also known as
aspirin) reduced distant metastases, including brain me-
tastases, in 987 cancer patients.51 Nonsteroidal anti-
inflammatory drugs, including acetylsalicylic acid and
celecoxib, mediate their biological effects at least partial-
ly by suppression of COX2 and its product PGE2, which

in turn induces differentiation of immunoregulatory
cells, such as IMCs.52 Indeed, we recently reported
that both acetylsalicylic acid and celecoxib inhibit devel-
opment of de novo glioma in mice via reduction of
IMCs,11 further supporting the role of COX2-driven
IMCs in cancer progression.

Although our data clearly elucidate the roles of some
inflammatory mediators that are induced by the primary
breast cancer, the concurrent blockade of multiple path-
ways was found not feasible because administration of
multiple mAbs is not well tolerated in tumor-bearing
mice (data not shown). Nonetheless, the current study
provides us with a strong rationale to evaluate whether
S100A9, CCL2, and PGE2 can serve as biomarkers
and therapeutic targets for brain metastasis.

Supplementary Material

Supplementary material is available online at Neuro-
Oncology (http://neuro-oncology.oxfordjournals.org/).
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