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Tumor-associated macrophages (TAMs) encourage
and coordinate neoplastic growth. In late stage hu-
man lung adenocarcinoma, TAMs exhibited mixed
M1 (classical; argIlowiNOShigh) and M2 (alternative;
argIhighiNOSlow) polarization based on arginine me-
tabolism. In several murine cancer models including
chemically and genetically-induced primary lung tu-
mors, prostate tumors, colon xenografts, and lung
metastases, TAMs expressed argIhighiNOSlow early
during tumor formation; argIlowiNOShigh polarization
also occurred during malignancy in some models. In
a chemically-induced lung tumor model, macro-
phages expressed argIhighiNOSlow within one week
after carcinogen treatment, followed by similar polar-
ization of bone marrow–derived monocytes (BDMCs)
a few days later. TAMs surrounding murine prostate
tumors also expressed argIhighiNOSlow early during
tumorigenesis, indicating that this polarization is not
unique to neoplastic lungs. In a human colon cancer
xenograft model, the primary tumor was surrounded
by argIhighiNOSlow-expressing TAMs, and BDMCs also
expressed argIhighiNOSlow, but pulmonary macro-
phages adopted argIhighiNOSlow polarization only af-
ter tumors metastasized to the lungs. Persistence of
tumors is required to maintain TAM polarization. In-
deed, in both conditional mutant Kras- and FGF10-
driven models of lung cancer , mice expressing the
transgene develop lung tumors that regress rapidly
when the transgene is silenced. Furthermore, pul-

monary macrophages expressed argIhighiNOSlow

on tumor induction, but then returned to argIlow

iNOSlow (no polarization) after tumors regressed.
Manipulating TAM function or depleting TAMs may
provide novel therapeutic strategies for preventing
and treating many types of cancer. (Am J Pathol 2010,

176:2972–2985; DOI: 10.2353/ajpath.2010.090879)

Resident and newly infiltrating macrophages are key leu-
kocyte populations that regulate production of inflamma-
tory mediators to warn of injury and initiate tissue repair
during cancer-associated inflammation.1,2 The destiny of
macrophages is at least partly determined during their
ontogeny in the bone marrow. Monocyte precursors dif-
ferentiate to become either macrophages that reside nor-
mally in tissues or inflammatory macrophages that re-
spond to chemokine signals and infiltrate into the
affected tissue to mount a response.3 During tumorigen-
esis, macrophages infiltrate tumors and surrounding tis-
sue. However, unlike scenarios where macrophages are
involved in host defense, tumor associated macrophages
(TAMs) support rather than hinder neoplastic growth, as
shown by histopathological, epidemiological, pharmaco-
logical, and genetic studies.4 TAMs were first observed
150 years ago by Virchow,5 and current evidence asso-
ciates chronic inflammatory diseases such as bronchitis,
inflammatory bowel disease, gastritis, and colitis with
increased risk of cancer development.2 This synergistic
co-evolution of cancer and inflammation continues when
tissues are damaged by aggressive cancer growth. Anti-
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inflammatory drugs such as sulindac and aspirin inhibit
colon polyp formation in colorectal cancer patients,6 while
polymorphisms in genes regulating inflammation control
susceptibility to lung cancer in both mice7 and humans.8

Overexpression of anti-inflammatory signals9,10 depresses
cancer growth, whereas mutations that enhance inflamma-
tory responses augment tumorigenesis.11

Macrophages exhibit a wide phenotypic diversity and
exert multiple pathobiological effects12 that support and
encourage tumor growth, including the release of proan-
giogenic factors such as VEGF,13 EGF,14 and proteases
that digest normal tissue to provide a route for vessel
intravasation and metastatic invasion of tumor cells. Mac-
rophages also suppress the activities of CD4� and CD8�

lymphocytes by secreting chemokines that attract T-reg-
ulatory cells to dampen adaptive immune surveillance
against tumors.15,16

Two macrophage activation phenotypes, M1 and M2,
characterize extremes along a gradient of activation and
are regulated by the relative abundance of TH1 and TH2
cytokines. In vitro, mature macrophages demonstrate
plasticity by shuttling back and forth between these ac-
tivation pathways.17,18 Macrophages classically/M1 po-
larized by exposure to interferon (IFN)-� or LPS produce
interleukin (IL)-6 and IL-12, and up-regulate inducible
nitric oxide synthase (iNOS) to produce nitric oxide (NO)
and citrulline. Alternative/M2 polarization is induced by
exposure to IL-4 and IL-13, cytokines that bind to a
common receptor subunit, IL-4R�.19 M2 macrophages
produce anti-inflammatory IL-10, up-regulate expression
of the mannose receptor and arginase I, as well as mac-
rophage-specific genes including Ym1 and Fizz1. Poly-
amines are produced, and the iNOS substrate, arginine,
is depleted in M2 polarized macrophages.12,20–22 These
changes in macrophage phenotype have functional con-
sequences. NO produced by M1 macrophages can kill
other cells by combining with oxygen radicals to form
toxic peroxynitrite.23 Ornithine produced by M2 macro-
phages can be exported and taken up by tumor cells to
serve as precursors for DNA synthesis.24 Some macro-
phages express both arginase and iNOS enzymes (M1 �
M2), which can act synergistically, as well as indepen-
dently, to limit T cell function. A recent study illustrating
the clinical significance of M2 polarization by TAMs dem-
onstrated that mice vaccinated against the asparaginyl
endopeptidase, legumain, which is highly and specifi-
cally expressed in M2 macrophages, primed lympho-
cytes against this M2 antigen. Subsequent killing of M2
macrophages by CD8� lymphocytes inhibited the growth
of breast cancer xenografts.25 The TH2 cytokines that
regulate M2 TAM activation are associated with many
neoplasias, including non-small cell lung (NSCLC),26

breast,25 and ovarian cancer.27,28

We recently characterized stromal cell composition
during primary lung cancer progression induced in A/J
mice by urethane,29 an animal model of pulmonary ade-
nocarcinoma (AC).30 Macrophages accumulated adja-
cent to, but outside of, tumors. As tumors progressed to
malignancy, macrophage numbers increased, and their
polarization changed.29 Pulmonary macrophage arginine
metabolism was assessed to determine their polarization

state. Naïve A/J mice expressed very low levels of argi-
nase I and iNOS (argIlowiNOSlow), constituting an unpo-
larized phenotype. TAMs in mice bearing benign tumors
expressed arginase I (argIhighiNOSlow; M2 polarized),
whereas macrophages associated with malignant tumors
expressed iNOS (argIlowiNOShigh; M1 polarized). Local
pulmonary macrophages were not the only population
affected by signals emanating from tumors in this study.
Polarization of monocytes extruded from the bone mar-
row (bone marrow–derived monocytes [BDMCs]) mir-
rored that of TAMs, switching from argIlowiNOSlow in con-
trol mice to argIhighiNOSlow in adenoma-bearing mice,
and then to argIlowiNOShigh when carcinomas had devel-
oped.29 BDMCs thus underwent tumor-directed differen-
tiation while still in the bone marrow before entering the
circulation and infiltrating the lungs to become TAMs.
This suggests that the differentiation status of circulating
monocytes could be evaluated as a diagnostic tool for
monitoring lung cancer progression.

Herein, we assess the arginine metabolic phenotype of
macrophages and BDMCs during tumorigenesis to as-
sess polarization in response to different carcinogens, at
different organ sites, and in genetic models, thus testing
the specificity of the macrophage response to tumors,
their location, and at different stages of tumorigenesis.
We find correlations between these experimental models
and human disease.

Materials and Methods

Human Lung Cancer Sample Acquisition

Fourteen histological specimens of pulmonary AC were
selected on the basis of availability of adequate tissue
for immunohistochemical evaluation from archival col-
lections maintained by the Department of Pathology,
University of Colorado Denver under the auspices of
the COMIRB. These tumors had been previously clas-
sified as well-differentiated, moderately-differentiated,
or poorly-differentiated.

Macrophage Polarization in Formalin-Fixed
Tissue

Human tumor biopsy and surrounding stromal tissue and
mouse lung tissue were examined for macrophage infil-
tration and polarization status by immunofluorescence
using antibodies against F4/80 to identify macrophages,
iNOS to detect M1 polarization, and mannose receptor
(human) or arginase I (mouse) to detect M2 polarization,
using procedures described previously29 and summa-
rized in Table 1. Briefly, sections were deparaffinized and
rehydrated through a series of ethanol washes, and an-
tigens retrieved in boiling 100 mmol/L citrate buffer fol-
lowed by a 40-minute autofluorescence block with 10
mg/ml sodium borohydride in PBS. Samples were first
blocked with avidin-biotin solution (Vector Laboratories,
Burlingame, CA), followed by exposure to the primary
and biotinylated secondary antibodies (Table 1) and de-
tection with fluorescent avidin conjugates.
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Chemically Induced Lung Tumor Models

A/J, FVB, BALB/cByJ (hereafter, cBy), BALB/cJ, and
C57BL/6J (hereafter, B6) male and female mice 4 to 6
weeks of age were purchased from Jackson Laboratory
(Bar Harbor, ME), housed on hardwood bedding with
12-hour light/dark cycles, and fed standard rodent diet
(Harlan Teklad, Madison, WI) at the Center for Laboratory
Animal Care at the University of Colorado Denver under a
protocol approved by the University of Colorado Institu-
tional Animal Care and Use Committee. For single agent
carcinogenesis, male A/J, FVB, and B6 mice were in-
jected i.p. (intraperitoneally) with 1 mg urethane (ethyl
carbamate; Sigma, St. Louis, MO)/g body wt dissolved in
sterile 0.9% NaCl as previously described31; control mice
received a single saline i.p. injection. Animals were sac-
rificed at days 1, 2, 7, 14, and 21 and weeks 16, 24, 32,
and 42 after urethane exposure as indicated in each
experiment. Macrophages present in the bronchoalveo-
lar lavage (BAL) and BDMCs were isolated (see below)
from 4 to 5 mice per time point and lungs prepared for
histological examination from 4 to 5 additional mice per time
point. To determine tumor multiplicity in A/J, FVB, and B6 at
24 and 42 weeks after urethane exposure, lungs were re-
moved from control and treated animals, and tumors were
dissected from surrounding tissue and counted using a
dissecting microscope with fiberoptic lighting. Because
BALB/c, cBy, and B6 mice are more resistant to carcino-
genesis than A/J, these strains received multiple i.p. injec-
tions, consisting of 1 mg/g urethane i.p. once per week for
7 weeks to induce lung tumors; control mice received 7
weekly saline vehicle injections. These mice were sacrificed
24, 32, and 42 weeks after the initial injection, and samples
were processed as described above.

We also examined the universality of macrophage po-
larization in chemically-induced primary mouse lung tu-
mors in which the proto-oncogene Kras is mutated at a
different codon than in the urethane model and in which
macrophage infiltration has been shown to augment tu-
mor formation.32 In 2-stage initiation/promotion carcino-
genesis studies, mice were injected once i.p. with 10
mg/kg 3-methylcholanthrene (MCA; Toronto Research
Chemicals, Inc., Ontario, Canada) followed by six once-
weekly injections of butylated hydroxytoluene (BHT;
Sigma, 100 mg/kg BHT week one, 200 mg/kg weeks 2–6)
in corn oil as previously described.32,33 Age-matched
control mice were injected with equal volumes of corn oil

vehicle (Mazola�). Animals were sacrificed at 24, 32, and
42 weeks after the initial MCA injection, and samples
were prepared as described above.

Isolation of Pulmonary Macrophages by BAL

Mice were sacrificed by lethal i.p. pentobarbital injection,
their tracheas cannulated, and lungs lavaged three times
with 1 ml PBS containing 0.6 mmol/L EDTA.34 The super-
natant from the first lavage was saved for cytokine anal-
ysis. Inflammatory cell infiltration was determined by
pooling lavaged samples from each mouse and counting
cells using a hemocytometer. Differential cell counts were
based on cell morphology as determined by Wright/Giemsa
staining, and infiltrating cells classified as monocytes/mac-
rophages, lymphocytes, neutrophils, or eosinophils. In
naïve mice, 90 to 100% of BAL cells are macrophages, a
percentage that decreases during tumor formation when
additional inflammatory cell types infiltrate the lungs.29

Preparation of BDMCs

One femur was removed from each of the mice described
in the previous section and bone marrow cells harvested
by flushing 1 ml of sterile PBS through the bone marrow
cavities with a 25 5/8 gauge syringe.29 Cell numbers
were determined, 20,000 cells were cytospun onto a
slide, and differential cell counts were performed as
above. On average, 2 to 4% of the extruded bone marrow
cells are monocytes.

Isolation of Peritoneal Macrophages

Peritoneal macrophage harvest was performed before
BAL in A/J mice 24 and 42 weeks after a single urethane
injection. The abdominal cavity was lavaged with 10 ml of
sterile PBS injected i.p. for 1 minute, after which fluid was
removed using a 10-ml syringe. Peritoneal cells were
counted and 20,000 cells cytospun onto a slide; differ-
ential counts were performed as above.

Iron Prussian Blue Staining of Bone Marrow
Macrophages

One femur from each A/J, cBy, and B6 control and ure-
thane-treated mouse was removed and decalcified in 8%

Table 1. Antibodies and Conditions for Immunofluorescence

Antibody Dilution Secondary Sample type Fluorophore/color

F4/80–polycolonal (Caltag
Laboratories, Carlsbad, CA)

1:100 Rat BAL, human and mouse pulmonary macrophages,
peritoneal macrophages

Fluorescein/green

CD-68–monocolonal (Dako,
Glostrup, Denmark)

1:100 Mouse BDMCs, xenograft TAMs, prostate TAMs Fluorescein/green

Arginase I–polyclonal (Santa Cruz
Biotech, Santa Cruz, CA)

1:100 Goat Murine M2 activation AMCA/blue

CD-206/Mannose
receptor–monoclonal (Serotec,
Oxford, UK)

1:100 Human Human M2 activation AMCA/blue

iNOS–polyclonal (BD Pharmagen,
San Diego, CA)

1:100 Rabbit Mouse and human M1 activation Rhodamine/red
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formic acid solution for 3 hours and formalin fixed. Resi-
dent bone marrow macrophages were stained with Iron
Prussian blue stain containing hydrochloric acid and po-
tassium ferrocyanide. Sections were counterstained with
nuclear fast red solution (University Hospital Histology
Laboratory, Denver, CO).

Immunofluorescence Analysis of the Polarization
States of Macrophages and BDMCs

Immunofluoresence was performed on BAL macrophages
and BDMCs as described.29 Table 1 denotes the antibody
conditions, sources, and fluorophores used. Primary an-
tibody binding to iNOS, arginase I, CD-68 (BDMCs),
and F4/80 (BAL macrophages) was detected using
biotin-conjugated IgG secondary antibody (Vector), after
incubation with rhodamine, 7-amino-4-methylcoumarin-3-
acetic acid (AMCA) and fluorescein fluorescent avidin
conjugates (Vector), respectively. A digital deconvolution
microscopy imaging system attached to a Zeiss Axioplan
2 epi-Fluorescence upright microscope was used to im-
age fluorescent staining.29 Fluorescent images are �630
final magnification. For all samples, macrophages and
monocytes that display no detectable arginase I or iNOS
staining are designated as argIlow/iNOSlow. Macrophages
that display argIhigh/iNOSlow staining are M2 or alterna-
tively polarized, and macrophages that immunostained
argIlow/iNOShigh classified as M1 or classically polarized.
ArgIhigh/iNOShigh stained macrophages are classified as
M1 � M2. Colocalization of the binding of different anti-
bodies to the same cell is detected by using multiple
fluorescent stains. Semiquantitative estimates of protein
expression were determined by comparing fluorescent
staining exposure times (msec) of treated and control
cells.

Quantitation of BAL IFN-� and IL-4 Contents by
ELISA

IFN-� and IL-4 contents in BAL fluid were assayed by
ELISA, according to the manufacturer’s instructions (R&D
Systems, Minneapolis, MN).

Transgenic Adenocarcinoma of the Mouse
Prostate Model

Transgenic adenocarcinoma of the mouse prostate
(TRAMP) mice develop early spontaneous prostatic intra-
epithelial neoplasia (PIN) lesions of the dorsolateral pros-
tate that progress to late-stage metastatic AC over the
course of six months. This models the progression of
human prostate cancer35 and is thus clinically relevant.
Regulatory elements of the minimal rat probasin (rPB)
promoter gene encode androgen related protein, which
specifically drives expression of SV40 early genes (T/t;
Tag) in prostatic epithelium.36 This hormonally regulated
transgene is expressed at sexual maturity to effect neo-
plastic epithelial transformation.37 Formalin-fixed pros-
tate tissue specimens obtained from TRAMP B6 male

mice38 at different stages of neoplastic progression were
histologically characterized as PIN, well-, moderately-, or
poorly-differentiated AC. Four slides from each group
were examined for macrophage infiltration and polariza-
tion state by immunofluorescence as described above.

Mutant Kras Transgenic Lung Cancer Model

Bitransgenic FVB mice that express Doxycycline (Dox)-
inducible K-Ras4b�G12D under the control of the CCSP
promoter39 were treated with Dox (0.5 mg/ml in the drink-
ing water) to induce development of spontaneous prolif-
erative foci that progressed to adenomas (4 weeks) and

Figure 1. Activation state of macrophages associated with human AC. A:
H&E-stained human ACs have both TAMs (circles) and TIMs (squares). B:
Immunofluorescent staining for macrophages (green, CD-68) expressing
both mannose receptor (blue) and iNOS (red). White circles indicate cor-
responding areas of macrophage localization. T indicates tumor tissue. Mag-
nification for H&E images is �400 and �630 for immunofluorescent staining.
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AC (8 weeks). These lesions completely regressed within
4 weeks of Dox withdrawal. Formalin-fixed lung sections
from mice receiving Dox for 8 weeks and from mice
receiving Dox for 8 weeks followed by Dox removal for 3
days, 7 days, or 4 weeks (4 mice per group) were exam-
ined by immunofluorescence for macrophage infiltration
and polarization state as described above.

FGF-10 Lung Tumor Model

An FGF-10 transgene was ligated to the CCSP promoter
and is expressed in bronchial nonciliated Clara cells.11

Conditional expression of the transgene is induced by
exposure to Dox in drinking water. After 12 days of Dox
exposure, spontaneous pulmonary tumors develop ac-
companied by a massive macrophage infiltration. When
transgene expression is silenced, pulmonary tumors re-
gress completely within 6 days, and the numbers of
pulmonary macrophages decrease.11

HT-29 Colon Cancer Xenograft Model

To examine the activation state of pulmonary macro-
phages and BDMCs in a metastasis model, a luciferase-
expressing human colon cancer cell line HT-29 (Xeno-
gen, Cranbury, NJ) was injected subcutaneously (s.c.;
1 � 106 cells in 200 �l PBS) into the flanks of 8 male
severe combined immunodeficient beige (SCID/bg) mice
(Harlan Inc., Indianapolis, IN) to produce xenografts.40,41

Mice were housed in sterile microisolator cages and pro-
vided with sterile water and food ad libitum. Forty-six days
after inoculation when solid tumors were �1.5 cm3, mice
were sacrificed and their primary tumors, lungs, and
bone marrow harvested and fixed. Lung metastases were
observed in six of the eight mice upon histopathological

and bioluminescence examination. Primary xenograft,
formalin-fixed lungs, and BDMCs were characterized for
macrophage infiltration and activation phenotypes as de-
scribed above.

Statistics

Data are presented as means � SEM. Differences be-
tween conditions at specific time points were examined
using Student unpaired t test. One-way analysis of vari-
ance with Newman–Keuls post hoc analysis compared
results from more than two groups, with P � 0.05 con-
sidered significant.

Results

Macrophages Exhibit Mannose
ReceptorhighiNOShigh Staining in
Human Pulmonary AC

In human lung cancer, the density of TAMs is inversely
proportional to patient survival, implying their pathophys-
iologic significance.13 Macrophage polarization was ex-
amined in tissue sections of pulmonary AC from 14 dif-
ferent patients. Because of the abundance of arginase I
in human lung epithelial tissue and its lack of up-regula-
tion by IL-4 and IL-13 in human monocyte-derived mac-
rophages,42,43 it is not a suitable marker for alterna-
tive/M2 polarization in human samples. Instead, we
selected staining for mannose receptor as an indicator of
M2 polarization, based on biomarkers identified in gene
arrays.44 Each tissue section was analyzed by triple im-
munofluorescent imaging as well as H&E staining. Figure
1, A and B, shows a representative human pulmonary

Table 2. BAL Macrophage and BDMC Activation in Naïve and Tumor-Bearing Mice of Different Strains

Strain Carcinogenesis protocol Time after carcinogen (wks) Tumor multiplicity Activation state Tumor stage

A/J Age-matched control 24, 42 0.0 � 0 argIlowiNOSlow None
1 Urethane 24 24.5 � 0.8 argIhighiNOSlow Ad

42 49.8 � 4.8 argIlowiNOShigh AC
MCA/BHT 24 84 � 6.0 argIhighiNOSlow Ad

42 ND argIhighiNOSlow AC
FVB Age-matched control 24 1.0 � 0.0 argIlowiNOSlow Ad

1 Urethane 24 10.8 � 2.8 argIhighiNOSlow Ad
BALB/cBy Age-matched control 24, 32 0.0 � 0 argIhighiNOShigh None

7 Urethane 24 17 � 5.0 argIhighiNOShigh Ad
32 25 � 1.9 argIhighiNOShigh AC

MCA/BHT 24 33.5 � 9.0 argIhighiNOSlow Ad
32 ND argIhighiNOSlow AC

BALB/c Age-matched control 24, 32 0.0 � 0 argIlowiNOSlow None
7 Urethane 24 29.7 � 3.1 argIhighiNOSlow Ad

32 46.4 � 4.4 argIhighiNOSlow AC
MCA/BHT 24 5.9 � 1.6 argIhighiNOSlow Ad

32 ND argIhighiNOSlow AC
B6 Age-matched control 24, 42 0.0 � 0 argIlowiNOSlow None

1 Urethane 24 0.86 � 0.2 argIhighiNOSlow Ad
42 4.6 � 0.6 argIhighiNOSlow Ad

7 Urethane 24 8.7 � 2.2 argIhighiNOSlow Ad
42 13.0 � 0.1 argIhighiNOSlow Ad

ND indicates not determined; Ad, adenoma; AC, adenocarcinoma (these tumors invade adjacent tissue, are dysplastic, have high nuclear/cytoplasmic
ratios, and are cellularly heterogenous48).
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AC. Tumor morphology varied, consisting of papillary-
glandular or more solid growth patterns, and ranged
from well- to poorly-differentiated. Both tumor infiltrat-
ing macrophages (TIMs) and TAMs were detected in
each human sample. Despite morphological heterogene-
ity among the different AC sections, 100% of TIMs and
TAMs exhibited mannose receptor (MRP)high, indicating
alternative polarization. Macrophages in distal unin-
volved human lung may exhibit different polarization phe-
notypes, but these samples were not available for anal-
ysis. In 12 of the 14 tumors examined, TIMs and TAMs
expressed MRPhighiNOShigh, indicating a mixed M1 � M2
polarization state.

The Polarization Phenotype of Pulmonary
Macrophages and BDMCs Is Dependent on
Genetic Background and the Nature of the
Carcinogen

We have previously shown29 that all pulmonary macro-
phages are alternatively polarized during the adenoma
stage of lung tumor development and classically polar-
ized when these evolve into carcinomas in A/J mice
treated with a single injection of urethane. Because hu-
man lung TAMs and TIMs were MRPhighiNOShigh, we
examined additional models of chemically-induced lung
tumors in several strains of mice. We determined macro-
phage phenotypes in both single agent carcinogenesis
(urethane) and in a model of 2 stage carcinogenesis
(MCA/BHT) wherein macrophage infiltration into the
lungs augments tumor formation.32 In the following ex-
periments, 100% of the macrophage population under-
went the polarization changes indicated. BAL macro-
phage and BDMC polarization states were examined in
five inbred strains with differing sensitivities to chemical
carcinogens (A/J � FVB � cBy � BALB/c � B6, with A/J
mice being most sensitive) at various times after the initial
urethane or MCA injection (Table 2). In more resistant
strains (cBy, BALB/c and B6), multiple urethane injec-
tions are required to produce a substantial number of
lung tumors. Resistant B6 mice receiving one or multiple
urethane injections do not progress to malignancy by 42
weeks. All pulmonary macrophages and BDMCs pre-
pared from naïve A/J, FVB, BALB/c, and B6 mice dis-
played an argIlowiNOSlow phenotype. In contrast, naïve
cBy mice exhibited argIhighiNOShigh expression in all BAL
macrophages and BDMCs, constituting a mixed polar-
ization phenotype (Table 2). cBy activation differs from
that of the closely related BALB/c substrain, whose naïve
myeloid polarization phenotype was argIlowiNOSlow. We
estimated the magnitude of this substrain difference by
the exposure times needed to detect immunofluorescent
staining of iNOS and arginase I above background lev-
els. By this semiquantitative technique, naïve cBy BAL
macrophages contained more than three times as much
arginase I (150 ms versus 580 ms) and nearly eight times
as much iNOS (311 ms versus 2010 ms) as did naïve
BALB/c macrophages. When mice were treated with
MCA/BHT, all strains examined exhibited argIhighiNOSlow

polarized TAMs and BDMCs throughout tumor develop-
ment (Table 2).

Although various myeloid polarization states were
observed after carcinogen exposure, arginase I was
expressed in 100% of BAL macrophages and BDMCs
detected in mice bearing benign lung tumors. Macro-
phages and BDMCs in highly resistant B6 mice31,45

that had developed even a single lung tumor became
argIhighiNOSlow, but pulmonary macrophages remained
argIlowiNOSlow in age-matched non–tumor-bearing con-
trols. cBy mice maintain their naïve argIhighiNOShigh

macrophage phenotype throughout urethane-induced
carcinogenesis (as observed in human lung ACs, Fig-
ure 1), but when cBy mice were subjected to an MCA/
BHT carcinogenesis protocol, 100% of their BAL mac-

Figure 2. Time courses of macrophage activation and IL-4 and IFN-�
production in urethane-treated A/J mice. BAL fluid, pulmonary macrophages,
and BDMCs were isolated from urethane treated A/J mice at the indicated
times. A: BAL macrophage (filled triangle) and BDMC (open triangle)
polarization were examined by arginase I and iNOS immunofluorescence
and compared with control naïve macrophage expression. *P � 0.05 versus
1 day BAL macrophage, **P � 0.01 versus 1 day BDMC. B: IL-4 content in
BAL from control (filled square) and urethane-treated (open square) A/J
mice. *P � 0.05 versus control. C: IFN-� expression in BAL from control
(filled square) and urethane-treated (open square) A/J mice. *P � 0.05
versus control. Cytokine content was assessed by ELISA.
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rophages and BDMCs switched to a predominantly
argIhighiNOSlow phenotype, showing that classical
macrophage polarization is both strain and carcinogen
dependent.

Quantitative analysis of pulmonary macrophage in-
filtration and changes in the bone marrow macrophage
populations were examined. The extent of BAL macro-
phage infiltration in A/J, cBy, and B6 mice reflects the
relative lung tumor susceptibilities of these strains, but
the number of resident bone marrow macrophages
does not correlate with these strain-dependent varia-
tions (Supplemental Figure S1, available online at
http://ajp.amjpathol.org).

Alveolar Macrophage and BDMC Polarization
Occurs Early in Tumor Development

Pulmonary macrophage populations in A/J mice changed
from argIlowiNOSlow in naïve mice to an argIhighiNOSlow state
24 weeks after carcinogen exposure.29 To determine how
early during neoplastic progression pulmonary tumors
influence macrophage and monocyte polarization, BAL
macrophages and BDMCs were isolated from urethane-
treated and age-matched control mice 1, 2, 7, 14, and 21
days after carcinogen exposure. BAL macrophages re-
mained argIlowiNOSlow up to 7 days after urethane treat-
ment (Figure 2A). Because urethane is rapidly metabo-
lized and cleared within 24 hours of administration into
mice,46 macrophages were not directly activated by the
carcinogen per se or any of its distal metabolites. By

seven days after urethane exposure, expression of argi-
nase I increased in all BAL macrophages, whereas iNOS
expression was undetectable by immunofluorescence
staining (Supplemental Figure S2A, available online at
http://ajp.amjpathol.org). This alternative polarization was
consistent within the entire population of pulmonary
macrophages.

The BDMC population expressed no arginase or iNOS
until 14 days after urethane exposure when their arginase
I expression increased 2.4-fold compared with controls;
again, no iNOS expression was detected, analogous to
the pulmonary macrophages (Figure 2, Supplemental
Figure S2B, available online at http://ajp.amjpathol.org).
This delay in BDMC polarization suggests that resident
pulmonary macrophages respond to local signals ema-
nating from early pulmonary lesions. The increased argi-
nase I expression in BDMCs one week later implies that
signals emitted by these early lesions or the already polar-
ized pulmonary macrophages were systemically trans-
ported to the bone marrow to activate BDMCs. IFN-� in-
duces M1 polarization, whereas a mixture of IL-4 and
IL-13 induces M2 polarization.17 Thus, IFN-� and IL-4
cytokine contents were examined in lavage fluid from these
mice. IL-4 and IFN-� secretion into BAL fluid corresponded
with the timing of argIhighiNOSlow and argIlowiNOShigh BAL
macrophage polarization, respectively (Figure 2, B and
C, respectively). Pre-neoplastic lesions are thus capable
of altering both the local microenvironment and can sys-
temically influence macrophage populations in distant
organs.

Figure 3. Peritoneal macrophages (indicated by white arrowheads) in urethane-treated A/J mice. Peritoneal macrophages (CD-68, green) from naïve A/J mice
and mice with benign (24 weeks after urethane) and malignant (42 weeks after urethane) lung tumors express arginase I (blue) but not iNOS (red). Magnification �630.

2978 Redente et al
AJP June 2010, Vol. 176, No. 6



Polarization of Monocytes/Macrophages Is
Specific to the Tumor-Bearing Organ and Bone
Marrow

Because BDMCs were polarized after pulmonary macro-
phage polarization, we examined whether monocyte/
macrophage pools in other extra-pulmonary organs were
similarly affected. Peritoneal macrophages were isolated
from naïve and tumor bearing A/J mice 24 and 42 weeks
after urethane administration and assayed for arginase I
and iNOS expression (Figure 3). All peritoneal macro-
phages were argIhighiNOSlow both in naïve mice and
throughout pulmonary tumor development, even though
pulmonary macrophages and BDMCs in naïve mice were
argIlowiNOSlow and changed from argIhighiNOSlow to
argIlowiNOShigh by 42 weeks after urethane (Table 2).
Thus, polarized BDMCs specifically infiltrate tumor-bear-
ing lungs and either do not infiltrate into the peritoneal

cavity or undergo a change in polarization state to match
physiological signals present in those local microenviron-
ments after they arrive.

Stage-Dependent Polarization of TAMs Also
Occurs in a Mouse Model of Prostate Cancer

To test whether macrophage polarization varies with the
stage of tumor progression or occurs in other cancer
types, we examined an experimental model of prostate
cancer. Male mice expressing an androgen-dependent
protein-SV40 transgene in the prostate epithelium de-
velop spontaneous prostate tumors upon sexual maturity
in response to androgen production (TRAMP model). We
examined TAM polarization in primary tumors at four
distinct stages including PIN, well-differentiated, moder-
ately-differentiated, and poorly-differentiated ACs.38

Figure 4. TAM activation in a primary murine model of prostate cancer. A: H&E sections show a moderately-differentiated prostate tumor (T). TAMs, indicated
by white arrowheads (CD-68, green) express arginase I (blue) but not iNOS during early tumor progression. B: Tissue adjacent to a late stage, poorly-
differentiated prostate tumor showing TAMs (black circles) stained by H&E. These macrophages (green) express both iNOS (red) and arginase I (blue). White
circles denote corresponding areas of macrophage localization.
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TAMs surrounding PIN were argIhighiNOSlow, indicating
M2 polarization (data not shown), as were macrophages
from well-differentiated and moderately differentiated
prostate ACs (Figure 4A). All macrophages associated
with advanced poorly differentiated prostatic ACs were
argIhighiNOShigh (mixed M1 � M2 polarization; Figure
4B). Macrophage expression of iNOS in late-stage can-
cer was also demonstrated in the urethane-induced pul-
monary ACs in A/J mice,29 urethane-induced ACs in cBy
mice (Table 2), and TIMs and TAMs in human pulmonary
AC (Figure 1).

Macrophage Polarization Returns to an
argIlow/iNOSlow State upon Resolution of
Pulmonary Tumors

Pulmonary macrophages were examined in two revers-
ible genetic models of pulmonary cancer during tumor
development and after tumors had regressed to examine
macrophage polarization in a non–carcinogen-induced
lung tumor model and determine whether tumor regres-
sion affects macrophage polarization. In the first model,
tumors were induced by overexpressing human KRAS
(mutated in codon 12 from G to D) under the control of the
CCSP promoter in FVB mice. This specifically targets
mutant transgene expression to bronchiolar Clara cells
and alveolar type II cells with administration of Dox in
drinking water. When Dox is removed, the mutated on-

cogene is not expressed, and tumors regress rapidly.46

In this model, macrophages not only localize outside the
mutant KRAS-induced tumor parenchyma as observed
after chemical carcinogenesis but are also found within
the tumor as TIMs46 similar to that seen in human lung
AC. Seven days after Dox administration, pulmonary le-
sions appear.39 By 2 months after Dox exposure, adeno-
mas with both TAMs and TIMs are apparent in H&E-
stained sections (Figure 5A). All BDMCs and pulmonary
macrophages in naïve FVB mice are argIlowiNOSlow (Ta-
ble 2), whereas 100% of TAMs and TIMs from this strain
express argIhighiNOSlow, indicating alternative polariza-
tion (Figure 5A). Three days after Dox was removed from
the drinking water, tumors began to regress, but as long
as small yet detectable tumor remnants remained, 100%
of macrophages were argIhighiNOSlow. Seven days after
Dox removal, small hyperplastic lesions and TAMs re-
mained in the lungs but TIMs had disappeared (Figure
5B). One month after Dox removal when lungs are tumor-
free and histologically normal, all pulmonary macro-
phages returned to an argIlowiNOSlow polarization state
(Figure 5C), demonstrating that the presence of the tumor
is necessary to maintain polarization state changes. Mac-
rophage argIhighiNOSlow polarization was also demon-
strated in FVB mice that develop lung tumors when the
FGF10 transgene is induced by Dox11 (see Supplemental
Figure S3, available online at http://ajp.amjpathol.org).
Analogous to the conditional mutant KRAS model, when

Figure 5. Pulmonary macrophage activation in a mutant Kras transgenic lung cancer model. Conditional overexpression of mutant Kras induces pulmonary
tumors. A: Two months after DOX treatment, H&E images show the location of macrophages peripheral to, TAMs (circles), and within, TIMs (squares),
pulmonary tumors (T, border indicated by white dashed line). Macrophages identified with F4/80 (green) also stain for arginase I (blue) but not iNOS (red).
B: Seven days after DOX removal, H&E staining indicates lesions and associated macrophages (circles) are still present in the lungs. TAMs express arginase I
(blue). C: One month after DOX removal, tumors have regressed. Pulmonary macrophages (circles) expressed neither arginase I nor iNOS. Magnification �630
for fluorescent images, �400 for H&E images.
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expression of the FGF10 transgene was turned off, tu-
mors regressed and macrophage polarization returned to
argIlowiNOSlow.

Pulmonary Macrophage Polarization Occurs
Only after Tumor Metastasis to the Lungs in a
Xenograft Model of Human Colon Cancer

A human xenograft colon cancer model allowed us to
examine the contribution of pulmonary metastasis to
macrophage activation and confirm tumor to marrow sig-
naling in an extra-pulmonary cancer model. HT-29 hu-
man colon cancer cells can metastasize from their pri-
mary site of implantation to the lungs within 46 days after
injection into the flank.40,41 We analyzed macrophage/
monocyte activation in three different microenvironments
in this model, macrophages associated with the primary
implant (TAMs), macrophages associated with meta-
static colon cancer deposits in the lungs, and BDMCs
from animals with primary and metastatic tumors. All
macrophages located in the stroma surrounding the pri-
mary xenograft were argIhighiNOSlow, indicating M2 TAM
activation (Figure 6A). Consistent with the concept of
tumor to marrow signaling, all BDMCs from mice with
HT-29 flank tumors were also argIhighiNOSlow (Figure 6B).
Alternative activation of BDMCs was not dependent on

the presence of tumor tissue in lungs, because this oc-
curred both in mice where lung metastases had devel-
oped as well as mice with no detectable metastases.
Metastasis of HT-29 cells to the lungs occurred in six of
eight mice, as determined by serially sectioning fixed
lung tissue. All pulmonary macrophages from lungs
containing HT-29 – derived metastases were argIhighi-
NOSlow, regardless of their proximity to metastatic de-
posits (Figure 6C). However, the polarization state of
pulmonary macrophages in the two mice lacking de-
tectable lung metastases remained argIlowiNOSlow

(Figure 6D), indicating that pulmonary macrophage
polarization required the local presence of these colon
cancer metastases.

Discussion

We demonstrate herein that TAMs and BDMCs express
arginase I, thus indicating alternative polarization dur-
ing tumor formation regardless of organ site (lung,
flank, or prostate) or carcinogen (see Figure 7). This is
an early event, occurring before chemically-induced
tumors can be detected macroscopically. In some
models (human NSCLC, A/J mice treated with ure-
thane, cBy mice treated with urethane, and the TRAMP
prostate cancer model) iNOShigh polarization of TAMs,

Figure 6. Activation status of macrophages in a human HT-29 colon cancer xenograft model. Macrophages and BDMCs are identified with anti-F4/80 or
anti–CD-68 respectively (green). A: H&E staining shows that macrophages (black circles) surrounding the xenograft (T) express arginase I (blue) but not iNOS.
White circles indicate areas of macrophage localization. B: BDMCs (green) isolated from xenograft-bearing mice express arginase I (blue) but not iNOS. C: H&E
section shows pulmonary macrophages (black circles) in lungs containing HT-29 metastases (black arrow). Macrophages positively stain for arginase I (blue)
but not iNOS. White circles indicate areas of macrophage localization. D: Pulmonary macrophages (green, white circles) in lungs with no detectable metastases
stain for neither arginase-I nor iNOS. Magnification �630 for fluorescent images, �400 for H&E images.
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TIMs, and BDMCs also occurs in late-stage disease.
These dynamic changes in monocyte/macrophage po-
larization are unique to TAMs and BDMCs, as perito-
neal macrophages were not differentially polarized in
response to lung tumor formation or progression. In
genetic models in which lung tumors regress, pulmo-
nary macrophages return to an argIlowiNOSlow pheno-
type. When BDMCs are polarized in response to
a flank tumor, pulmonary macrophages remain argIlow

iNOSlow unless tumor cells detach and metastasize to the
lung.

Analysis of pulmonary macrophages from urethane-
treated A/J mice indicates that macrophage polarization
is a very early event in lung cancer, presumably sup-
porting and maintaining tumor development. A time
course after urethane administration to A/J mice re-
vealed argIhighiNOSlow polarization as early as 1 week
after urethane, when microscopic tumors (referred to as
microadenomas47 or atypical adenomatous hyperpla-
sias48) are developing. Because TAMs were not polar-
ized before this time, macrophage polarization is not a
direct consequence of urethane itself or any of its
rapidly cleared metabolites. Polarization of BDMCs oc-
curs soon after pulmonary macrophage polarization in
this model. Although macrophage polarization changed
very early in lung neoplasia, the number of macrophages
in the lungs did not increase significantly within the first
24 weeks after urethane treatment, implying that even
though BDMCs were polarized, they were not actively

recruited to the lungs until many weeks later. BMDC
polarization is not limited to a response to pulmonary
tumorigenesis because BDMCs were also polarized by
the growth of a colon tumor xenograft. Detection of po-
larized BDMCs in the circulation may thus imply the pres-
ence of neoplastic lesions but not their anatomical
source.

The exquisite sensitivity of the macrophage response
to pulmonary neoplasia is illustrated by argIhighiNOSlow

polarization in resistant B6 mice31,45 given a single injec-
tion of urethane so that only a small percentage develop
lung tumors. BAL macrophages remained argIlowiNOSlow

in the mice that did not develop tumors, whereas pulmo-
nary macrophages in mice with even one lung tumor
expressed arginase I. Because macrophage infiltration
has been shown to be a necessary component of BHT-
mediated lung tumor promotion, we also examined mac-
rophage activation in mice treated with MCA�BHT.
ArgIlowiNOSlow to argIhighiNOSlow polarization in pulmo-
nary adenoma-bearing mice was also observed in this
model. Unlike TAMs associated with urethane-induced
lung tumors in A/J mice, TAMs associated with tumors
induced by MCA�BHT or urethane in other strains did
not switch to argIlowiNOShigh polarization when tumors
progressed to AC, but remained argIhighiNOSlow through-
out AC development. Macrophages isolated from naïve
mice are tumoricidal but can be made ten times more
potent at killing tumor cells after M1 polarization with
IFN-�,49 consonant with their classical role in host de-
fense. Elevated arginase expression in M2 macrophages
reduces the amount of NO available to kill tumor cells,49

inhibits antigen presentation,21 and enhances the capac-
ity of myeloid suppressor cells to inhibit T cell prolifera-
tion.50 Polyamines secreted by M2 macrophages en-
courage tumor cell growth in vitro, while inhibiting
arginase activity reduces tumor growth in vivo.51 Cyto-
kines such as TNF-�, IL-1�, and IL-6 released by M2
macrophages enhance tumor cell survival.52 Hence,
the association of M1 TAMs with AC would in theory
cause tumor cell death, yet ACs in A/J mice are not
destroyed by the M1 polarized TAMs that surround
them. A/J macrophages are defective in their ability to
become tumoricidal both in vitro and in vivo, possibly
accounting for this apparent discrepancy.53–55

The cBy substrain of BALB mice also exhibited an excep-
tion to the trend of argIlowiNOSlow to argIhighiNOSlow polariza-
tion of TAMs in early tumorigenesis. BDMCs and BAL macro-
phages from naïve cBy mice were argIhighiNOShigh, a mixed
M1 � M2 phenotype that persists in macrophages associ-
ated with both benign and malignant tumors induced by
multiple urethane injections. In contrast, TAMs in cBy mice
exposed to MCA/BHT carcinogenesis express argIhigh

iNOSlow throughout tumor development, showing that
TAM polarization is a consequence of both genetic
background and tumor etiology. The mixed argIhigh

iNOShigh macrophage polarization in this strain is similar
to that seen in human pulmonary AC and late stage
murine prostate tumors (Figures 1 and 4).

Strain-dependent variations in the degree of macro-
phage infiltration during lung neoplasia do not arise from
the genetic differences among strains in the number of

Figure 7. Schematic summarizing macrophage activation in mouse models
of lung cancer, prostate cancer, tumor regression, and metastasis.
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bone marrow macrophages (Supplemental Figure S1,
available online at http://ajp.amjpathol.org). These differ-
ences may reflect strain-dependent variations in the
amount or kinds of chemokines secreted by TAMs that
recruit BDMCs to the lungs or in the relative sensitivities
of these BDMCs to such chemoattractants. We have
shown previously56 that BHT induces lung epithelial cells
to produce one such macrophage chemoattractant,
CCL2, a few days before macrophages enter the lungs.
Whether A/J, cBy, or B6 mice vary in chemokine produc-
tion, expression of the relevant chemokine receptor, or
downstream signaling after chemokine binding to recep-
tors is not known. Because both A/J and B6 BDMCs in
adenoma-bearing mice are argIhighiNOSlow polarized while
showing great disparity in the degree of lung infiltration by
macrophages, those signals that polarize BDMCs pre-
sumably are different from recruitment signals.

Tumor to marrow signaling is not limited to murine
cancers, because HT-29 colon tumor cells injected into
immuno-compromised SCID mice induce argIhighiNOSlow

polarization in both TAMs associated with the growing
xenograft and BDMCs. In those mice in which colon
tumor cells metastasized to the lungs, pulmonary macro-
phages were also argIhighiNOSlow. Pulmonary macro-
phages remained argIlowiNOSlow in mice without detect-
able HT-29 pulmonary metastases, indicating local
signaling by metastatic lesions. Tumor cells exert local
changes on macrophages co-cultured with human ovar-
ian cancer cells,28 as is indicated by the appearance of
argIhighiNOSlow pulmonary macrophages in lungs of ure-
thane-treated A/J mice one week before argIhighiNOSlow

BDMCs are detectable. Because SCID mice lack mature
B and T cells, we deduce that the argIlowiNOSlow to
argIhighiNOSlow switch can occur without involvement of
TH2 cytokine production from pulmonary T-cells. The
source of activating IFN-� and IL-4 cytokines found in
BAL from tumor-bearing lungs was not determined, but
this study suggests that cells other than lymphocytes
may produce sufficient amounts to polarize both local
macrophages and distal BDMCs. Whether production of
these cytokines is muted in SCID mice compared with
immuno-competent mice has not been determined but is
of interest if manipulation of innate or adaptive immunity
is used to treat cancer.

ArgIlowiNOSlow to ArgIhighiNOSlow polarization was also
observed in TAMs from lungs bearing tumors induced by
overexpressing mutant Kras38 or wild-type FGF-1010 in
Clara and type 2 cells. Conditional overexpression of
either transgene was accompanied by argIhighiNOSlow

expression in pulmonary macrophages even though neo-
plastic growth is greatly accelerated compared with
chemically-induced tumorigenesis. Thus, whether tumors
appear within days (genetic models) or weeks (chemical
carcinogenesis), early lung neoplasia is associated with
alternative polarization of macrophages. When tumors
induced by either transgene were allowed to regress by
halting transgene transcription, the pulmonary macro-
phage population reverted back to argIlowiNOSlow. As
long as even tiny lesions remained before complete tu-
mor regression was achieved, macrophages continued
to be alternatively polarized. Macrophage polarization

thus accompanies lung tumor growth when KRAS is the
only epithelial mutation, or in the case of FGF-10 overex-
pression, when tumors appear in the absence of any
known epithelial mutation. We confirmed that macro-
phages infiltrate the parenchyma of K-Ras4b�G12D-in-
duced lung tumors, as was originally reported.39 This
differs from other mouse lung tumor models where mac-
rophages remain adjacent to, but outside of, the tumor
parenchyma, but is similar to human lung cancer where
TIMs are detected. Both TIMs and TAMs detected in this
transgenic mutant KRAS model are argIhighiNOSlow,
whereas TIMs and TAMs associated with human lung
cancer are argIhighiNOShigh. Although TIMs and TAMs
vary in other molecular characteristics, such as the rela-
tive contents of adhesion molecules that allow TIMs to
cross the tumor vasculature or the up-regulation of IL-10
synthesis that has been reported to occur only in TAMs,57

they display similar activation phenotypes.
Polarization of TAMs to an alternatively activated phe-

notype, first described by Mills,17,58 Mantovani,59 and
their colleagues,12 has been demonstrated in several
human cancers and experimental mouse models. TAMs,
however, can be classically or alternatively activated or
exhibit a mixed M1 � M2 phenotype.52 In this study,
primary mouse lung and prostate tumors, as well as
human xenograft tumors, are surrounded by polarized
TAMs. It remains to be clarified how tumor cells and
macrophages co-evolve to favor tumor progression.60 A
thorough understanding would refine therapeutic target-
ing to the tumor microenvironment that could be used as
an adjuvant along with standard cytotoxic interventions
directed at solid carcinomas.
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