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astasis to distant tissues is the chief driver of breast cancer–related mortality, but little is known about
stemic physiologic dynamics that regulate this process. To investigate the role of neuroendocrine acti-
in cancer progression, we used in vivo bioluminescence imaging to track the development of metastasis
orthotopic mouse model of breast cancer. Stress-induced neuroendocrine activation had a negligible
on growth of the primary tumor but induced a 30-fold increase in metastasis to distant tissues including
ph nodes and lung. These effects were mediated by β-adrenergic signaling, which increased the infil-
of CD11b+F4/80+ macrophages into primary tumor parenchyma and thereby induced a prometastatic
xpression signature accompanied by indications of M2 macrophage differentiation. Pharmacologic
tion of β-adrenergic signaling induced similar effects, and treatment of stressed animals with the
gonist propranolol reversed the stress-induced macrophage infiltration and inhibited tumor spread
ant tissues. The effects of stress on distant metastasis were also inhibited by in vivo macrophage sup-
on using the CSF-1 receptor kinase inhibitor GW2580. These findings identify activation of the sympa-
nervous system as a novel neural regulator of breast cancer metastasis and suggest new strategies for
thetic

antimetastatic therapies that target the β-adrenergic induction of prometastatic gene expression in primary
breast cancers. Cancer Res; 70(18); 7042–52. ©2010 AACR.
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astasis is a major factor in the morbidity and mortality
st cancer. Multiple host cell types contribute to metas-
and recent research has focused on the host micro-
nment as a target for new antimetastatic therapies.
endocrine dynamics have the potential to regulate
xpression in many cell types in the tumor microenvi-
nt (1, 2), but their contribution to breast cancer metas-
remains largely unexplored. Nerve fibers from the
thetic nervous system (SNS) are present in organs that
gets for breast cancer metastasis, including
es, lung, and bone (3, 4). However, little is
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about the effects of SNS neural activation on breast
r progression and, in particular, its effects on metasta-
distant tissues.
ential SNS regulation of tumor cell biology is suggested
presence of β-adrenergic receptors in archival human
cancer samples (5) and by the clinical relationships
en β-blocker usage and reduced cancer risk (6, 7).
logic stress activates sympathetic nerve fibers to re-
micromolar concentrations of the neurotransmitter
inephrine into the local tissue microenvironment and
olar concentrations into the systemic circulation (2,
orepinephrine ligation of cellular β-adrenergic recep-
iggers a G-protein–coupled signaling cascade leading
lic AMP (cAMP) synthesis, protein kinase A phosphor-
, and transcription factor activation (10, 11). In vitro
s have shown that adrenergic signaling can regulate
le cellular processes involved in cancer progression,
ing tumor cell proliferation, extracellular matrix inva-
ngiogenesis, matrix metalloprotease activation, and ex-
on of inflammatory and chemotactic cytokines (12–14).
enograft model of ovarian cancer metastasis, SNS
tion by chronic stress increased vascular endothelial
h factor (VEGF)–mediated vascularization of intraper-
l tumors (2). However, little is known about the effect
onic stress on the dissemination of metastatic cancer
rom a primary tumor to distant target organs such as

ph nodes and lung. In the present study, we sought to
ine whether experimentally imposed chronic stress
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fluence the rate of distant metastasis from primary
tumors and define the neuroendocrine, cellular, and
ular mechanisms involved.

rials and Methods

o metastasis model
week-old female BALB/c and nu/nu mice (Charles
Laboratories) were housed under BSL2 barrier condi-
66cl4 mammary adenocarcinoma cells (a gift from
Robin Anderson, Peter MacCallum Cancer Centre,
urne, Australia) were transduced with the FUhlucW
ral vector containing firefly luciferase under the con-
the ubiquitin-C promoter (15) and were cultured as
usly described (16). Tumor cells (1 × 105) were in-
into the 4th mammary fat pad for spontaneous me-
is studies or into the tail vein for organ colonization
s. Mammary tumor size was measured using digital
rs and tumor volume was calculated as (length ×
)/2. The frequency and quantity of metastases were
d in live mice by repeated noninvasive optical imag-
tumor-specific luciferase activity using the IVIS 100
(Caliper). After anesthetization with 2% isofluorane

v. injection of 150 mg/kg luciferin, mice were photo-
ed under bright-field illumination and images were
id with luminescence data gathered over the maxi-
exposure period without pixel saturation (0.5–60 sec-
Metastasis was measured by triplicate determination
h time point of total bioluminescence in a region of
st of constant size located distant from the primary
(usually the chest region containing the lung and

y and brachial lymph nodes). Tissue-specific metasta-
s measured ex vivo by bioluminescence immediately
acrifice on day 28 or by microscopic evaluation on
1 in experiments involving removal of the primary
. All procedures were carried out under protocols ap-
by the Institutional Animal Use and Care and Uni-
Institutional Review Boards at the University of

rnia Los Angeles. Each experiment was repeated
four times.

ic stress
e were randomly assigned to home cage control condi-
or 2 hours per day restraint for 20 days commencing
before tumor cell inoculation or for 14 days commenc-
ays after surgical removal of the primary tumor. Mice
restrained in a confined space that prevented them
oving freely but did not press on them or induce pain
is paradigm has been shown to induce chronic stress
wn by neuroendocrine activation (2, 17), weight loss,
nxiety-like behaviors (18, 19) but does not cause pain
unding (20).

acologic studies
β-adrenergic agonist studies, mice received isoproter-
Sigma) at 10 mg/kg (a receptor-saturating dose; ref. 2)

ly s.c. injection commencing 5 days before tumor cell
ation. For β-adrenergic antagonist studies, mice were

bone
10 μm

acrjournals.org
nted intrascapularly with a 21-day-release pellet con-
g 0.5 mg of propranolol or placebo (Innovative Research
erica) 2 days before commencing stress (or control con-
s). This dose has been established to block peripheral
nergic receptors (21). For macrophage inhibition studies,
ere treated with 160 mg/kg GW2580 [5-(3-methoxy-4-
thoxybenzyl)oxy]benzyl)-pyrimidine-2,4-diamine; R.I.
ical] or filtered diluent control (0.5% hydroxypropyl
lcellulose, 0.1% Tween20; Sigma) by daily oral gavage
encing 1 day after tumor cell inoculation (22). This dose
own to have maximum bioavailability while maintain-
bstrate specificity (22).

mination of cAMP synthesis
l4 tumor cells were treated with 0, 0.1, 1.0, or 10 μmol/L
inephrine ± 10 μmol/L nadolol, and intracellular cAMP
ntration was measured by cAMP-Glo Assay (Promega)
ing to the manufacturer's instructions.

sis of macrophage infiltration and
lar density
in situ analysis of macrophage infiltration, 5 μm cryo-
ns were fixed in −20°C acetone and then incubated
antibodies against F4/80 (clone BM8 at 10 μg/mL,
ience) and β2-adrenergic receptor (β2AR; H-20 rabbit
lonal diluted 1:120, Santa Cruz Biotechnology) for
urs at 4°C, followed by incubation with fluorescent
-conjugated secondary antibodies (Invitrogen) and
st 33342 nuclear staining (Sigma). Immunostaining
aged using an inverted Axio Observer D1 microscope

luorescence filters (Zeiss), coupled to a computer with
sion 4.7 software (Zeiss). The relative frequency of F4/
d β2AR+ cells was determined by averaging the pixel
y of positive cells in five randomly selected microscope
in each of five tissue sections from each tumor using Im-
oftware (NIH). CD31+ vascular density was analyzed in
cryosections fixed with 4% paraformaldehyde (Sigma),
ated with proteinase K (Invitrogen) for antigen retrieval,
cubated for 16 hours at 4°C with 10 μg/mL anti-CD31
3.3, BD Bioscience) followed by anti-rat Alexa-568 (In-
en). Relative vascular density was determined by pixel
old analysis using ImageJ software as described above.
flow cytometric analysis of immune cell infiltration,
-cell suspensions were prepared from tumors harvested
s after mammary fat pad inoculation and incubated
irectly conjugated antibodies against CD45, CD11b,
4/80 (eBiosciences), and Ly6C (BD Bioscience) as pre-
y described (22). Samples were analyzed using a LSRII
ytometer (Beckman Coulter) and FlowJo software
tar).

ssion of metastasis-related genes
ntitative real-time reverse transcription-PCR (RT-PCR)
sed to quantify Arg1, Csf1, Mmp9, Ptgs2, Tgfb, Vcam1,
egf mRNA isolated from 5 mg of mammary tumor
using RNeasy kit (Qiagen) or CSF-1–differentiated

marrow–derived macrophages treated with 0, 1, and
ol/L norepinephrine ± nadolol. mRNA was assayed

Cancer Res; 70(18) September 15, 2010 7043
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l-time RT-PCR reactions using gene-specific TaqMan
Expression assays (Applied Biosystems) and Quanti-
T-PCR reagents (Qiagen) with 50 PCR amplification
of 15 seconds of strand separation at 95°C and 60 sec-
f annealing and extension at 60°C. Triplicate determi-
s were quantified by threshold cycle analysis of FAM
scence intensity using iCycler software (Bio-Rad).

tical analysis
dard power calculations selected a sample size for
o experiments that had a power of 0.89 to detect a
effect at P < 0.05 (23). Data are presented as mean ±
d all statistical analyses were carried out using SAS ver-
.2 (SAS Institute). Student's t test analyzed the effect of
on the size and frequency of metastasis and the differ-
in gene expression and protein levels. To determine the
of stress on the longitudinal growth trajectory of tumors
hether those effects were modified by pharmacologic in-
tions that targeted β-adrenoreceptors or macrophages,
amined the stress × treatment interaction term in a 2
ol versus stress) × 2 (treatment versus placebo) experi-
l design in the context of mixed-effects linear model
is (SAS PROC MIXED). Spearman's correlation coeffi-
uantified the relationships between macrophage infil-
and metastatic burden.

lts

ic stress enhances metastasis to distant tissues
ssess the effect of chronic physiologic stress on breast
progression, we used in vivo optical imaging to track

tasis of luciferase-tagged 66cl4 breast cancer cells from
ammary gland to distant target tissues (Fig. 1A). This
ach can resolve as few as 3,000 cells (Supplementary
A). BALB/c mice syngeneic to 66cl4 cells were random-
gned to 2 hours per day restraint or home cage control
ions for 20 days, starting 5 days before tumor cell in-
ion into the 4th mammary fat pad. Physical restraint is
dardized stressor that increases the circulation of cat-
minergic neurotransmitters and corticosterone but
physical pain or wounding (2, 17, 18, 20). We have pre-
y documented a 2.5- to 3.5-fold increase in tissue cate-
ine levels in stressed animals (2). Physiologic stress
se was confirmed by a 6.3% weight loss (P = 0.004),
was rapidly reversed at the conclusion of restraint

lementary Fig. S1B; ref. 19).
onic stress increased the metastasis of primary breast
cells to distant tissues by 38-fold versus controls (P =
ig. 1B). In control mice, luciferase signal from meta-
tumor cells that had disseminated to the chest region
and lymph nodes) increased steadily and then reached
eau at 21 days after tumor cell inoculation (Fig. 1B,
Stress increased metastasis in clinically relevant tis-

with a 37-fold increase in the lung (P = 0.034) and a
crease in the lymph nodes (P = 0.009; Fig. 1C). These
were driven by both increased numbers of metastatic

s [control versus stress: 1.4 ± 0.74 metastatic foci in
ersus 4.6 ± 0.75 (P = 0.016), shown by microscopic anal-

β2AR.
by 22-

r Res; 70(18) September 15, 2010
nd increased size of metastatic masses (9.9-fold in-
in metastatic luciferase signal, P = 0.04). Despite

r rates of metastasis, primary tumor growth rate was
gnificantly altered by stress (Fig. 1D; P = 0.41).
identify the mechanisms of stress-induced metastatic
ulation, we injected tumor cells into the blood stream
ssayed the bioluminescent tumor signal in distant tis-
ver time. This direct assay of metastatic colonization
avoids variance in primary tumor escape and intrava-

) showed a 3.3-fold increase in colonization rates as a
on of stress (Fig. 2A). Ex vivo analyses of tissue har-
at 27 days after injection found that stress increased
umor colonization by 2.5-fold (P = 0.038) and lymph
olonization by 2.1-fold (P = 0.037; Fig. 2B). To examine
ect of stress on metastatic development independently
cts on the primary tumor, daily restraint was initiated
fter surgical removal of the primary tumor. Results
d that stress increased metastasis by 2.7-fold (P =
ig. 2C). However, these 2- to 3-fold increases in coloni-
efficiency were not sufficient in magnitude to account
e total ∼30-fold increase in spontaneous metastasis
ccurred from primary tumors (Fig. 1B). Additional
es thus focused on the dynamics within the primary
microenvironment occurring before intravasation.

NS regulates distant metastasis
siologic stressors activate the SNS to release norepi-
ine both systemically and within common metastatic
organs (3, 9). Norepinephrine ligation of β-adrenergic
ors activates the associated cAMP/protein kinase A
ing pathway, and β2ARs have been documented in
reast cancer cells and immune cells (e.g., T lympho-
and macrophages) present in the breast cancer micro-
nment (5, 9, 24, 25). To investigate the role of SNS
tion in stress-enhanced tumor progression, we treated
d and control mice with the β-adrenergic antagonist
nolol starting 2 days before tumor cell inoculation and
uing throughout the 20-day stress period. Immuno-
g against β2AR showed the expected compensatory
se in β2AR cell surface expression in tumors from
anolol-treated animals (placebo versus propranolol:
0.1% tissue area versus 6.7 ± 1.1%, P < 0.001; see also
mentary Fig. S3B), confirming functional penetration
AR antagonism throughout the tumor parenchyma
ropranolol treatment had no significant effect on meta-
burden in nonstressed control mice (P = 0.08; Fig. 3A).
ver, propranolol completely blocked stress-enhanced
tasis in animals subjected to chronic restraint stress
.0001; Fig. 3A and B). Propranolol treatment had no
on primary tumor growth in the mammary fat pad
her stressed (P = 0.73) or nonstressed control animals
.89).
determine whether β-adrenergic activation without
mitant activation of other receptor types is sufficient
ance metastasis, unstressed mice were treated with
-agonist isoproterenol to pharmacologically activate

Isoproterenol increased metastasis to distant tissues
fold compared with saline-treated controls (P = 0.03;

Cancer Research
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C and D). Ex vivo analysis of tissues confirmed the
sed metastasis (Fig. 3D).

phocytes are not essential for stress-enhanced
tasis
determine whether stress-induced alterations in T
ediated immune responses might contribute to the
tatic dynamics observed, we repeated the studies in
deficient nu/nu mice. Similar to immune-intact BALB/c
chronic stress increased the total metastatic mass by

asses in the lung and lymph nodes (axillary and brachial). D, primary tum
e mean ± SE.
d in nu/nu mice (P = 0.05; Supplementary Fig. S2A).
o analysis confirmed significant increases in metastasis

signal
tumor

acrjournals.org
lung (P = 0.03) and lymph nodes (P < 0.001; Supple-
ry Fig. S2B). Again, stress did not alter primary tumor
h (Supplementary Fig. S2C). These results indicate
lymphocytes do not mediate the observed stress

and our subsequent studies thus focused on other cel-
ediators.

phages are an intratumoral target of
ignaling
define the cellular pathway by which β-adrenergic

me was derived from two-dimensional caliper measurements.
1. Effect of chronic stress on breast cancer metastasis to distant tissues. A and B, metastasis was quantified by periodic imaging of tumor-specific
nescence signal in the chest region in BALB/c mice (A) and quantified over multiple mice (five per group; B). Inset shows a higher-resolution
f the control condition. Luciferase activity: photons per second. C, tissue-specific metastasis was quantified by ex vivo bioluminescent imaging of
ing might regulate prometastatic signals in primary
s, we conducted two-color immunofluorescence analyses

Cancer Res; 70(18) September 15, 2010 7045
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ular differentiation markers and β2AR in sectioned pri-
tumors. Weak β2AR staining was observed in primary
cells (Fig. 4A, i). To verify the functional activity of these
ors, we treated 66cl4 cells with norepinephrine and
d the activity of the second messenger molecule cAMP.
s showed a significant cAMP flux in response to β2AR
n, which was inhibited by the β-blocker nadolol (Supple-
ry Fig. S3), consistent with other studies documenting
olamine regulation of breast cancer cell functional activ-
). Within the tumor parenchyma, we also observed a
colocalization of β2AR staining with the macrophage
r F4/80 (Fig. 4A, overlay). β2AR activation is known to
nally regulate gene expression in macrophages (9, 27–
ising the possibility that SNS activitymay regulate prima-
or dynamics by recruiting or modifying the activity of
-associated macrophages.

increases tumor infiltration by macrophages
determine whether chronic stress affects macrophage
tion into primary mammary tumors, we used flow cyto-
to quantify cell composition in digested 66cl4 primary
s harvested from mammary fat pads (Fig. 4B). Stress in-
d the mammary tumor infiltration of CD11b+F4/80+

phages by 53% (control versus stress: 7.23 ± 0.49% of live
ersus 11.04 ± 1.22%, P = 0.013; Fig. 4B). Stress also mar-
increased the tumor infiltration of CD11b+ GrloLy6Chi

myeloid-derived suppressor cells; ref. 22; 43% increase,
73). Stress-induced recruitment of immune cells was
ic to macrophages, as no significant increase was ob-
for other myeloid cell types such as CD11b+ GrhiLy6Clo

orphonuclear neutrophil-like suppressor cells (P = 0.76;
) or CD45+CD11b− lymphocytes (P = 0.15).
itu analysis of F4/80+ immunostaining confirmed a 47%
se in macrophage recruitment within primary tumors
tressed animals (P < 0.006; Fig. 4A). Isoproterenol stim-

of β-adrenergic signaling similarly increased macro-
infiltration into primary tumor parenchyma (saline

(Arg1:
decre

odes and lung on day 27 after i.v. inoculation of tumor cells. C, distant metasta
l removal of primary tumors on day 14. Stress was commenced only after surgic

r Res; 70(18) September 15, 2010
isoproterenol: 7.12 ± 1.0% tissue area versus 20.2 ±
P < 0.001; Fig. 4C; Supplementary Fig. S4). To confirm
e stress-induced infiltration of macrophages was medi-
y SNS activation, we mapped the distribution of F4/80+

day 28 tumor parenchyma from stressed animals trea-
ith the β-adrenergic antagonist propranolol (Fig. 4D;
ementary Fig. S4). As shown in Fig. 4D, propranolol
abrogated the stress-induced increase in F4/80+ cells
the primary tumor.

induces the expression of macrophage-derived
etastatic molecules
vious studies indicate that macrophages contribute to
cancer metastasis by expressing prometastatic genes
the tumor microenvironment (30). Myeloid cells in-
g tumor-associated macrophages may also develop
munosuppressive phenotype, mediated in part through
ransforming growth factor-β activity and characterized
inase-1 production (30). Consistent with this dynamics,
induced a 5.3-fold increase in Tgfb gene expression (P <
and a 3.9-fold increase in Arg1 expression (P < 0.001) in
ry tumors (Fig. 5A). In contrast, stress reduced Ifnb
xpression by 3.3-fold, consistent with a protective role
pe I IFNs in cancer progression (31). Stress also
sed the expression of proinflammatory and prometa-
genes including Cox2 (Ptgs2; 3.0-fold increase, P <
, Mmp9 (54% increase, P = 0.02), Vegf (30% increase,
046), and Vcam1 (9.4-fold increase, P < 0.001; Fig. 5A),
l as the macrophage chemoattractant and growth fac-
f1 (25% increase, P = 0.02; Fig. 5A). To investigate the
of adrenergic signaling on macrophage phenotype,
marrow–derived macrophages were treated with nor-
hrine and gene expression was assayed by quantitative
R 6 hours later. Adrenergic signaling increased the
ssion of genes characteristic of an M2 phenotype

24-fold, P < 0.001 and Tgfb: 2.5-fold, P = 0.02) and

ased the expression of the key M1 gene Nos2 (44%
2. Effect of stress on colonization of metastatic target tissues. A, organ colonization by 1.0 × 105 i.v. injected 66cl4 tumor cells was quantified by
d imaging of tumor-specific bioluminescence signal in the chest region. B, tissue-specific colonization was quantified by ex vivo imaging of
sis was quantified by bioluminescence imaging at day 41 after
al removal of primary tumors. Data are mean ± SE.

Cancer Research



decrea
tions
also in
0.003)
crease
esis in
throug
in stre
the SN
that p
culariz

Macro
metas
To

ment
the re
infiltra
metas
in stre
P = 0.0
that m
effects
to sup

After
50% o
GW25
kinase
versed
biolum
oniza
GW25
ued to
tissue
tumor
filtrati
versus
sue ve
the st
(Fig. 6
reduc
crease
Consis
mary
upreg
Fig. S

Figure
stress-i
A, dista
quantifi
node re
day 28
into str
mice tr
placebo
of mice
stress (
β-block
metasta
after pr
in mice
versus
represe
saline-
mice (D
lymph n
specific
(×106 p
P, prim
metastasis.

Sympathetic Nervous System Promotes Breast Cancer Metastasis

www.a
se, P = 0.05). Consistent with transcriptional alterna-
in whole mammary tumors (Fig. 5A), norepinephrine
creased macrophage expression of Vegf (3.2-fold, P =
and Mmp9 (3.0-fold, P = 0.04). To determine if in-
d Vegf expression was sufficient to modulate angiogen-
vivo, we mapped primary tumor blood vessel density
h CD31 immunostaining and found a 2.8-fold increase
ssed animals (P < 0.001; Fig. 5B and C). Consistent with
S regulation of angiogenesis (2), these studies showed
ropranolol inhibited the stress-induced increase in vas-
ation of mammary tumors (P < 0.001).

phage infiltration mediates stress-enhanced
tasis
determine whether SNS-mediated macrophage recruit-
might contribute to metastatic spread, we examined
lationship between the extent of F4/80+ macrophage
tion at 4 weeks and the total cellular burden of distant
tasis at 4 weeks. This correlation was highly significant
ssed mice (Spearman correlation coefficient, r = 0.66,
07) but not in controls (r = −0.12, P = 0.67). To confirm
acrophage recruitment functionally mediated stress

on metastasis, we used a CSF-1 receptor antagonist
press macrophage recruitment and function in vivo.

had n
week

acrjournals.org
random assignment to control or stress conditions,
f mice in each condition received either 160 mg/kg of
80 (a small-molecule inhibitor of CSF-1 receptor
) or placebo (22). Treatment with GW2580 largely re-
stress-enhanced metastasis (Fig. 6A). Longitudinal
inescent imaging and ex vivo analyses found little col-

tion of distant tissue in stressed mice treated with
80, whereas stressed mice treated with placebo contin-
show increased rates of metastasis to distant target

s (Fig. 6A and B). Flow cytometric analysis of primary
s showed that treatment with GW2580 reduced the in-
on of CD11b+F4/80+ macrophages by 2.9-fold (placebo
stress: 7.8 × 103 ± 0.8 × 103 CD11b+F4/80+ cell/mg tis-
rsus 2.7 × 103 ± 0.35 103, P < 0.001) and thereby blocked
ress-induced increase in macrophage recruitment
C and D, middle). GW2580-treated mice also showed
ed CD11b+F4/80+ cells in the bone marrow (45% de-
, P = 0.05), as expected, by CSF-1 receptor inhibition.
tent with the reduced myeloid cell infiltration of mam-
tumors, GW2580 largely reversed the stress-induced
ulation of Arg1 gene expression (Supplementary
5). Inhibition of macrophage infiltration by GW2580
3. Role of the SNS in
nduced metastasis.
nt metastasis was
ed in the lung and lymph
gions by in vivo imaging at
after tumor cell inoculation
essed versus control
eated with propranolol or
. B, representative images
in the control (+ placebo),
+ placebo), and stress +
er groups. C, distant
sis was quantified 28 d
imary tumor inoculation
treated with saline
isoproterenol. D and E,
ntative in vivo images of
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atively activated macrophages into the primary tumor
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staining with anti-F4/80 (red) and nuclear counterstaining (blue) of tumors harve
d mice treated with placebo versus propranolol (D), and quantified across sectio

r Res; 70(18) September 15, 2010
T cell compartment. Thus, direct regulation of macro-
biology by the SNS seems to constitute a previously
gnized pathway by which external conditions affecting
tonomic nervous system can activate a metastatic
within a growing primary tumor. These findings ex-
ur understanding of the physiologic processes that reg-
breast cancer metastasis and suggest novel strategies
ibiting metastatic spread through targeted inhibition
-regulated macrophage dynamics.
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phage infiltration can influence breast cancer metasta-
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phage recruitment and differentiation and thereby alter
xpression within the primary tumor. SNS regulation of

tastatic macrophage dynamics provides an alternative
nocompetent mice, as well as in mice lacking a func- mechanism to Th2 lymphocyte regulation of tumor-associated

4. Role of macrophage infiltration. A, mammary tumor cryosections from control and stressed mice were immunostained with anti-β2AR (green;
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6. Effect of macrophage inhibition on stress-enhanced metastasis. A, metastasis was quantified using live in vivo imaging in control versus
d mice treated with the CSF-1 receptor inhibitor GW2580 or placebo. (Control + placebo and control + GW2580 curves are indistinguishable.)
sentative images of mice in control (+ placebo), stress (+ placebo), and stress + GW2580 conditions. C, frequency of CD11b+F4/80+ cells in 66cl4
tumors from control versus stressed mice treated with GW2580 or placebo. D, mammary tumor cryosections were stained with H&E to show

morphology or immunostained with anti-F4/80 (red; middle) or anti-CD31 (red; bottom) and nuclear counterstained (blue). Bar, 20 μm. Inset shows
ntative F4/80 macrophages positive for β2AR (green). P, primary tumor; M, distant metastasis.
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odulation of tumor-associated macrophage biology re-
ts an important topic for future research. Particularly
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e functional effect of stress-induced M2 macrophage
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present data suggest that pharmacologic inhibition of
ctivity (e.g., with β-antagonists or anti–nerve growth
antibodies; ref. 49) could potentially constitute a novel
ctive strategy for minimizing breast cancer meta-
Localized targeting of tumor-associated macrophages
ith GW2580) might also block adverse effects of neu-
ocrine activation on macrophage recruitment into
ry tumors and thereby reduce prometastatic gene
sion. Macrophage recruitment into the primary tumor
also serve as a biomarker for early detection of disease
ssion and/or therapeutic impact in clinical and inter-
n studies.
present results show that systemic physiologic condi-
an significantly shape the primary tumor microenviron-
and may alter conditions in distant tissues in ways that
te metastasis to distant organs. This raises the intrigu-
ssibility that systemic interventions (e.g., that target neu-
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tatic rates in breast cancer.

osure of Potential Conflicts of Interest

otential conflicts of interest were disclosed.

owledgments

hank Robin Anderson for providing cell lines; Irvin Chen for luciferase
ion vectors; David Stout and Waldemar Ladno at the UCLA Crump
lar Imaging Center; and Patricia Ganz, Susan Lutgendorf, John
n, Michael Irwin, Andrew Cuddihy, Robin Anderson and laboratory,
Welch and laboratory for their thoughtful discussions of this research.

Support

gressionally Directed Medical Research Programs (CDMRP) Breast
Research Program grant W81XWH-08-1-0629; NIH grants CA138687,
78, CA109298, and CA110793; the UCLA Norman Cousins Center; and
s philanthropic contributions through the Jonsson Cancer Center
tion. S.J. Priceman is supported by CDMRP Prostate Cancer Research
training award W81XWH-09-1-0538.

costs of publication of this article were defrayed in part by the payment
charges. This article must therefore be hereby marked advertisement in
nce with 18 U.S.C. Section 1734 solely to indicate this fact.
ived 02/10/2010; revised 07/23/2010; accepted 07/27/2010; published

reast cancer–specific mortality (48). OnlineFirst 09/07/2010.
rences
toni MH, Lutgendorf SK, Cole SW, et al. The influence of bio-
havioural factors on tumour biology: pathways and mechanisms.
t Rev Cancer 2006;6:240–8.
aker PH, Han LY, Kamat AA, et al. Chronic stress promotes tumor
wth and angiogenesis in a mouse model of ovarian carcinoma.
t Med 2006;12:939–44.
an EK,Capitanio JP, TararaRP,Mendoza SP,MasonWA,Cole SW.
cial stress enhances sympathetic innervation of primate lymph
erations in bone marrow: evidence of functional innervation.
euroimmunol 1999;96:182–9.
kir Y, Plummer HK III, Tithof PK, Schuller HM. β-Adrenergic and
chidonic acid-mediated growth regulation of human breast can-
r cell lines. Int J Oncol 2002;21:153–7.
azi M, Plu-Bureau G, Flahault A, Dondon MG, Le MG. Could treat-
nts with β-blockers be associated with a reduction in cancer risk?
v Epidemiol Sante Publique 2004;52:53–65.

rron L, Bairati I, Harel F, Meyer F. Antihypertensive drug use and
risk of prostate cancer (Canada). Cancer Causes Control 2004;

:535–41.

Cancer Res; 70(18) September 15, 2010 7051



8. Sh
line
fac
Imm

9. Ma
sym
Re

10. Co
HIV
pro

11. Ko
rec

12. Lut
stim
can

13. Nil
reg
thr
299

14. Lan
tum
tion

15. Mo
P-g
tion

16. Slo
αvβ
bo

17. Ma
gro
pa
Ne

18. He
Str
sys
mo

19. Sm
ven
ant

20. Sh
els

21. Do
str
J N

22. Pri
infi
eva

23. Co
ed

24. Wa
CG
cho
Re

25. Sh
pre
me

26. Fe
en
ma

27. Ha
pro
264

28. Lut
enc
Cli

29. Co

tio
Pro

30. Po
gre

31. Bi
int
ma

32. De
mo
pro

33. Pa
da

34. Slo
sim
co

35. Me
Be
to
the
din

36. Ch
so
Pra

37. Kr
Ka
bre

38. Lill
Str
co

39. Li
wh
22

40. Le
Ca
He

41. Kv
vo
ca
an

42. Ell
rel
J P

43. So
so
a p

44. Ba
Lif

45. Gr
ex
co

46. Li
Da
an
Ca

47. Me
inh
Me

48. Po
so
in
Bre

49. Ha
ne

Sloan et al.

Cance7052
imizu N, Hori T, Nakane H. An interleukin-1β-induced noradrena-
release in the spleen is mediated by brain corticotropin-releasing
tor: an in vivo microdialysis study in conscious rats. Brain Behav
un 1994;8:14–23.

dden KS, Sanders VM, Felten DL. Catecholamine influences and
pathetic neural modulation of immune responsiveness. Annu

v Pharmacol Toxicol 1995;35:417–48.
le SW, Korin YD, Fahey JL, Zack JA. Norepinephrine accelerates
replication via protein kinase A-dependent effects on cytokine
duction. J Immunol 1998;161:610–6.
bilka B. Adrenergic receptors as models for G protein-coupled
eptors. Annu Rev Neurosci 1992;15:87–114.
gendorf SK, Cole S, Costanzo E, et al. Stress-related mediators
ulate vascular endothelial growth factor secretion by two ovarian
cer cell lines. Clin Cancer Res 2003;9:4514–21.
sson MB, Armaiz-Pena G, Takahashi R, et al. Stress hormones
ulate interleukin-6 expression by human ovarian carcinoma cells
ough a Src-dependent mechanism. J Biol Chem 2007;282:
19–26.
g K, Drell TLt, Lindecke A, et al. Induction of a metastatogenic
or cell type by neurotransmitters and its pharmacological inhibi-
by established drugs. Int J Cancer 2004;112:231–8.

rizono K, Xie Y, Ringpis GE, et al. Lentiviral vector retargeting to
lycoprotein on metastatic melanoma through intravenous injec-
. Nat Med 2005;11:346–52.
an EK, Pouliot N, Stanley KL, et al. Tumor-specific expression of

3 integrin promotes spontaneous metastasis of breast cancer to
ne. Breast Cancer Res 2006;8:R20.
nni L, Di Fausto V, Fiore M, Aloe L. Repeated restraint and nerve
wth factor administration in male and female mice: effect on sym-
thetic and cardiovascular mediators of the stress response. Curr
urovasc Res 2008;5:1–12.
rmann G, Beck FM, Tovar CA, Malarkey WB, Allen C, Sheridan JF.
ess-induced changes attributable to the sympathetic nervous
tem during experimental influenza viral infection in DBA/2 inbred
use strain. J Neuroimmunol 1994;53:173–80.
agin GN, Howell LA, Redmann S, Jr., Ryan DH, Harris RB. Pre-
tion of stress-induced weight loss by third ventricle CRF receptor
agonist. Am J Physiol 1999;276:R1461–8.
eridan JF, Padgett DA, Avitsur R, Marucha PT. Experimental mod-
of stress and wound healing. World J Surg 2004;28:327–30.
bbs CM, Vasquez M, Glaser R, Sheridan JF. Mechanisms of
ess-induced modulation of viral pathogenesis and immunity.
euroimmunol 1993;48:151–60.
ceman SJ, Sung JL, Shaposhnik Z, et al. Targeting distinct tumor-
ltratingmyeloid cells by inhibitingCSF-1 receptor: combating tumor
sion of anti-angiogenic therapy. Blood 2010;115:1461–71.
hen J. Statistical power analysis for the behavioral sciences. 2nd
Hillsdale (NJ): Lawrence Erlbaum Associates; 1988.
hle M, Neumann RP, Moritz F, Krause A, Buttgereit F, Baerwald
. β2-Adrenergic receptors mediate the differential effects of cate-
lamines on cytokine production of PBMC. J Interferon Cytokine
s 2005;25:384–94.
akhar G, Ben-Eliyahu S. In vivo β-adrenergic stimulation sup-
sses natural killer activity and compromises resistance to tumor
tastasis in rats. J Immunol 1998;160:3251–8.
rguson SS. Evolving concepts in G protein-coupled receptor
docytosis: the role in receptor desensitization and signaling. Phar-
col Rev 2001;53:1–24.
sko G, Nemeth ZH, Szabo C, Zsilla G, Salzman AL, Vizi ES. Iso-
terenol inhibits IL-10, TNF-α, and nitric oxide production in RAW
.7 macrophages. Brain Res Bull 1998;45:183–7.
gendorf SK, Lamkin DM, Jennings NB, et al. Biobehavioral influ-

es on matrix metalloproteinase expression in ovarian carcinoma.
n Cancer Res 2008;14:6839–46.
le SW, Arevalo JM, Takahashi R, et al. Computational identifica-

mo
50. Co

On

r Res; 70(18) September 15, 2010
n of gene-social environment interaction at the human IL6 locus.
c Natl Acad Sci U S A 2010;107:5681–6.
llard JW. Tumour-educated macrophages promote tumour pro-
ssion and metastasis. Nat Rev Cancer 2004;4:71–8.
elenberg DR, McCarty MF, Bucana CD, et al. Expression of
erferon-β is associated with growth arrest of murine and epider-
l cells. J Invest Dermatol 1999;112:802–9.
Nardo DG, Barreto JB, Andreu P, et al. CD4+ T cells regulate pul-
nary metastasis of mammary carcinomas by enhancing protumor
perties of macrophages. Cancer Cell 2009;16:91–102.
rdoll D. Metastasis-promoting immunity: when T cells turn to the
rk side. Cancer Cell 2009;16:81–2.
an EK, Tarara RP, Capitanio JP, Cole SW. Enhanced replication of
ian immunodeficiency virus adjacent to catecholaminergic vari-
sities in primate lymph nodes. J Virol 2006;80:4326–35.
lamed R, Rosenne E, Shakhar K, Schwartz Y, Abudarham N,
n-Eliyahu S. Marginating pulmonary-NK activity and resistance
experimental tumor metastasis: suppression by surgery and
prophylactic use of a β-adrenergic antagonist and a prostaglan-
synthesis inhibitor. Brain Behav Immun 2005;19:114–26.

ida Y, Hamer M, Wardle J, Steptoe A. Do stress-related psycho-
cial factors contribute to cancer incidence and survival? Nat Clin
ct Oncol 2008;5:466–75.
oenke CH, Kubzansky LD, Schernhammer ES, Holmes MD,
wachi I. Social networks, social support, and survival after
ast cancer diagnosis. J Clin Oncol 2006;24:1105–11.
berg K, Verkasalo PK, Kaprio J, Teppo L, Helenius H, KoskenvuoM.
essful life events and risk of breast cancer in 10,808 women: a
hort study. Am J Epidemiol 2003;157:415–23.
J, Johansen C, Hansen D, Olsen J. Cancer incidence in parents
o lost a child: a nationwide study in Denmark. Cancer 2002;95:
37–42.
vav I, Kohn R, Iscovich J, Abramson JH, Tsai WY, Vigdorovich D.
ncer incidence and survival following bereavement. Am J Public
alth 2000;90:1601–7.
ikstad A, Vatten LJ, Tretli S, Kvinnsland S. Widowhood and di-
rce related to cancer risk in middle-aged women. A nested
se-control study among Norwegian women born between 1935
d 1954. Int J Cancer 1994;58:512–6.
K, Nishimoto R, Mediansky L, Mantell J, Hamovitch M. Social
ations, social support and survival among patients with cancer.
sychosom Res 1992;36:531–41.
ler-Vila H, Kasl SV, Jones BA. Prognostic significance of psycho-
cial factors in African-American and white breast cancer patients:
opulation-based study. Cancer 2003;98:1299–308.
rraclough J, Pinder P, Cruddas M, Osmond C, Taylor I, Perry M.
e events and breast cancer prognosis. Bmj 1992;304:1078–81.
aham J, Ramirez A, Love S, Richards M, Burgess C. Stressful life
periences and risk of relapse of breast cancer: observational
hort study. BMJ 2002;324:1420.
CI, Malone KE, Weiss NS, Boudreau DM, Cushing-Haugen KL,
ling JR. Relation between use of antihypertensive medications
d risk of breast carcinoma among women ages 65-79 years.
ncer 2003;98:1504–13.
ier CR, Derby LE, Jick SS, Jick H. Angiotensin-converting enzyme
ibitors, calcium channel blockers, and breast cancer. Arch Intern
d 2000;160:349–53.
we DG, Voss MJ, Habashy HO, et al. β-Blocker treatment is as-
ciated with a reduction in tumour metastasis and an improvement
specific survival in patients with breast cancer. 7th European
ast Cancer Conference 2010. Abstract #445.
lvorson KG, Kubota K, Sevcik MA, et al. A blocking antibody to
rve growth factor attenuates skeletal pain induced by prostate tu-
r cells growing in bone. Cancer Res 2005;65:9426–35.

le SW. Chronic inflammation and breast cancer recurrence. J Clin
col 2009;27:3418–9.

Cancer Research


