
Abstract. Background: Alternative (M2) macrophage
activation is associated with tumor development in many
tumor types, including those in the lung. Herein the biological
consequences of forcing classical (M1) or alternative (M2)
macrophage activation on lung tumor development are
examined. Materials and Methods: Urethane-induced lung
tumor multiplicity and size were compared in IFN-γ–/– mice
which lack M1 macrophage activation, IL-4Rα–/– mice which
lack M2 macrophage activation, and wild-type BALB/cJ
(background strain of the IFN-γ–/– and IL-4Rα–/– mice) mice.
Tumor-associated macrophage (TAM) and bone marrow-
derived monocyte (BDMC) activation were each examined.
Results: The TAMs and BDMCs in the IFN-γ–/– mice
exhibited M2 activation, and their lung tumors were
significantly larger than those in the wild-type mice. In
contrast, urethane-treated IL-4Rα–/– mice, whose TAMs and
BDMCs were M1 activated, developed smaller tumors than
the wild-type mice. Conclusion: Altered innate immunity can
diminish or accelerate lung tumor progression in response to
defective cytokine signaling. 

Inflammatory cells contribute both pro- and anti-tumorigenic
actions. Understanding how macrophage phenotypes change
during neoplastic progression and the function of these
biochemical alterations could engender new molecularly-
targeted therapeutic strategies. Cancer and chronic
inflammation are linked (1), with tumor-associated
macrophages (TAMs) associated with a poor prognosis in
human lung cancer (2-4). TAMs help orchestrate tumor
development, and their removal from the tumor micro-
environment inhibits lung tumorigenesis (5). 

Two distinct macrophage activation phenotypes, M1 and
M2, are regulated by the relative abundance of TH1
(interferon-γ, IFN-γ) and TH2 (interleukins 4 and 13, IL-4 and
IL-13) cytokines, and macrophages can shuttle back and forth
between these activation pathways if cytokine administration
is sequentially varied in vitro (6, 7). Macrophages classically
(M1) activated by exposure to IFN-γ or lipopolysacchride
(LPS) produce interleukins 6 and 12 (IL-6 and IL-12), and up-
regulate inducible nitric oxide synthase (iNOS), nitric oxide
(NO) and citrulline. Alternative (M2) activation induced by
exposure to IL-4 and IL-13, which bind to a common receptor
subunit, IL-4Rα (8), produces anti-inflammatory IL-10 and
up-regulates expression of the mannose receptor and arginase
I, as well as other macrophage-specific genes. This leads to
polyamine and proline production and depletion of the iNOS
substrate, arginine (9-13). 

The TH2 cytokines that regulate TAM activation are
associated with many neoplasias, including non-small cell lung
(NSCLC) (14), breast (15), and ovarian cancer (16, 17). We
have shown that macrophages responding to TH2 cytokine
signals become alternatively (M2) activated during pre-
malignancy after the mouse lung carcinogen, urethane, has
been administered to sensitive Strain A/J mice (18). In addition,
these lung tumors produced systemic signals that induced bone
marrow derived macrophages (BDMCs) to assume an
activation state identical to the alveolar macrophages, allowing
circulating macrophages to infiltrate the lungs as M2
macrophages. Herein, the tumorigenic consequences of
manipulating M1 and M2 activation by subjecting IFN-γ–/– and
IL-4Rα–/– mice to chemical carcinogenesis were examined to
determine the consequences of these altered macrophage
populations in the tumor microenvironment.

Materials and Methods

Mice. IFN-γ–/– and IL-4Rα–/– breeder pairs on BALB/c strain
background, purchased from the Jackson Laboratory (Bar Harbor,
ME, USA), were bred and housed on hardwood bedding with 12 h
light/dark cycles, and fed standard rodent diet (Harlan Teklad,
Madison, WI, USA) at the Center for Laboratory Animal Care at
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the University of Colorado Denver according to a protocol approved
by the University of Colorado Institution of Animal Care and Use
Committee. Male and female wild-type control BALB/c mice (4 to
6 weeks of age) also purchased from Jackson Laboratory were
similarly housed.

Urethane-induced lung tumor model. IFN-γ–/–, IL-4Rα–/–, and
BALB/c wild-type male and female mice received 1 mg urethane
(ethyl carbamate; Sigma, St. Louis, MO, USA)/g body wt (dissolved
in sterile 0.9% NaCl) by intraperitoneal (i.p.) injection once a week
for 6 weeks (19). Chronic urethane exposure induces the formation
of several tumors in BALB/c mice, a strain with intermediate
susceptibility to lung carcinogenesis (19). The animals were
sacrificed 16, 24, or 32 weeks after the first urethane exposure. 

Tumor dissection and quantification. Mice (5/gender/time-point)
were sacrificed by lethal i.p. pentobarbital injection at the above
time-points. The lungs were removed and tumors separated from
adjacent uninvolved lung tissue under a dissecting light microscope.
Individual tumors were counted and their diameters measured using
digital calipers. 

Pulmonary macrophage harvest by bronchoalveolar lavage (BAL).
Mice (5/time-point) were sacrificed by lethal i.p. pentobarbital
injection, their tracheas cannulated, and lungs lavaged three times
with 1 ml PBS containing 0.6 mM EDTA. Inflammatory cell
infiltration was determined by pooling the lavaged samples from
each animal and counting the cells using a hemocytometer. Twenty
thousand cells were cytospun onto glass slides (4 slides/sample) for
differential cell counts based on cell morphology (determined by
Wright/Giemsa staining) and immunofluorescent staining.
Infiltrating cells were classified as monocytes/macrophages,
lymphocytes, neutrophils or eosinophils (18). 

Preparation of BDMCs. One femur was removed from each mouse,
and bone marrow cells harvested by flushing 1 ml of sterile PBS
through the bone marrow cavities with a 25 5/8 gauge syringe (18).
Cell numbers were determined and differential cell counts
performed as above. 

Immunofluorescence analysis of macrophages and BDMCs. BAL
macrophage and BDMC slides (3 slides/sample type) were fixed in
–20˚C methanol for 3 min. Immunofluorescence was performed as
previously described (18) using iNOS as a marker of M1 activation,
arginase I expression to detect M2 macrophage activation, and the
macrophage markers F4/80 or CD-68 to detect alveolar
macrophages and BDMCs, respectively. A digital deconvolution
microscopy imaging system (Carl Zeiss Microimaging, Inc.,
Thornwood, NY, USA) attached to a Zeiss Axioplan 2 epi-
fluorescence upright microscope was used to image fluorescent
staining (18) at a ×630 final magnification. Macrophages and
BDMCs displaying no detectable arginase I or iNOS staining were
designated as having an M0 phenotype. Co-localization of proteins
was detected in cells fluorescently tagged with more than one stain. 

Immunohistochemistry (IHC). Lung sections were prepared and
immunohistochemistry performed as described previously (18;20),
with a minimum of three individual lungs/treatment group examined
for histological analysis. Images were obtained using an Olympus
BX-41 microscope equipped with a digital camera (Olympus

Imaging America, Inc., Center Valley, PA, USA) and analyzed with
Spot Advanced software (Diagnostic Instruments, Inc., Sterling
Heights, MI, USA) at ×400 final magnification. For each mouse, 3
slides with at least four individual tumor fields/slide were stained
with the macrophage marker F4/80, and tumor-infiltrating
macrophages (TIMs; macrophages within the tumors) counted.

Statistics. Data are presented as means±SEM. Differences at specific
time-points were examined using Student’s unpaired t-test. One-way
ANOVA with Newman-Keuls post-hoc analysis was used to
compare the results from more than two groups with p<0.05
considered significant.

Results

Influence of manipulating macrophage activation during
tumorigenesis influences tumor size and multiplicity. The
tumors from the IFN-γ–/– mice were 1.3-fold larger than the
tumors in the urethane-treated wild-type BALB/c mice
throughout tumor development and 1.6-fold larger than the
tumors in the IL-4Rα–/– mice (Figure 1A). The absence of
IL-4Rα expression had the opposite effect (Figure 1A). The
tumors in the IL-4Rα–/– mice were 23% smaller than those
in the wild type mice and 42% smaller than the tumors in the
IFN-γ–/– mice 32 weeks after urethane treatment. The
urethane-treated wild-type and IL-4Rα–/– mice developed
similar numbers of tumors, with multiplicities increasing
linearly over time. The IFN-γ–/– mice had the same number
of tumors as the wild-type and IL-4Rα–/– mice 16 and 24
weeks post-urethane, but fewer at 32 weeks (Figure 1B). 

Lung tumor-induced macrophage infiltration is attenuated in
M1 and M2-deficient mice. The number of infiltrating
macrophages in the BAL increased as the tumors developed
in the BALB/c mice (Figure 1C), as reported previously for
A/J mice (18). At 16 weeks after the initial carcinogen
treatment, the tumor-bearing IL-4Rα–/– mice had the same
number of BAL macrophages as the tumor-bearing wild-type
mice, while the tumor-bearing IFN-γ–/– mice had more. By
24 and 32 weeks after the first urethane injection, however,
the wild type mice had significantly more BAL macrophages
than either knockout strain (Figure 1C). 

Effect of ablation of IFN-γ or IL-4Rα on M2 or M1
macrophage activation during mouse lung tumorigenesis.
Macrophages from naïve, age-matched, wild-type, IL-
4Rα–/–, and IFN-γ–/– mice were M0, displaying neither
arginase I (M2) nor iNOS (M1) expression (data not shown).
The loss of IFN-γ prevented the BAL macrophages and
BDMCs from becoming classically (M1) activated (Figure
2), while the absence of IL-4Rα prevented alternative (M2)
activation. The macrophage activation data was consistent
throughout tumor development, so therefore only the 32
week time-points are shown in Figure 2. The tumor-bearing,
wild-type BALB/c mice contained lung TAMs and BDMCs
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that stained positively for arginase I (blue) but not for iNOS
(red) after urethane administration, indicating M2 activation
(Figure 2A). The TAMs and BDMCs expressed arginase I
(blue) but extremely low levels of iNOS (M2) in the IFN-
γ–/– mice (Figure 2B). The IL-4Rα–/– TAMs and BDMCs
expressed negligible arginase I, but iNOS expression was
detected (red), indicating an M1 activation state (Figure 2C). 

IL-4Rα deficiency and macrophage infiltration into the tumor
parenchyma. The TAMs were located adjacent to the lung
tumors in the wild-type, IFN-γ–/– and IL-4Rα–/– mice as
determined by histological examination (Figure 3A, right
column), consistent with our earlier observations in wild-
type A/J mice (18). However, large numbers of TIMs were
present within the lung tumors of the IL-4Rα–/– mice (Figure
3A left column). The wild-type mice had a few TIMs near
the tumor periphery, associated with the leading edge of the
tumor (Figure 3A, left column). The TIM population in the
IL-4Rα–/– mice increased as the tumors progressed (data not
shown), congregating in large clusters as well as presenting
as individual cells within the tumor parenchyma. TAMs were
observed outside the tumor edges in the IFN-γ–/– mice. In
addition, a single TIM located within a large blood vessel
within the tumor parenchyma was detected (Figure 3A, left
column). Forcing M1 pulmonary macrophage activation
decreased the number of TAMs (Figure 1C), but increased
the number of TIMs. The number and location of the TIMs
inversely correlated with tumor diameter. The large tumors
in the IFN-γ–/– mice had no TIMs, while the mid-size tumors
in the wild-type mice had few TIMs, and the small tumors
in the IL-4Rα–/– mice had many TIMs. 

TIMs from IL-4Rα–/– mice. Because BAL only provides
knowledge about macrophages within the alveolar air spaces
that readily detach from the septae and are easily lavaged,
TIMs are not likely to be present in lavage fluid. Therefore,
immunostaining for iNOS was performed to determine the
activation state of the TIMs in the IL-4Rα–/– mice. The TIMs
at 16 and 32 weeks stained positively for iNOS, as did the
TAMs, confirming the immunofluorescence analysis of the
BAL cells (Figure 3C). 

Discussion

The urethane-induced pulmonary tumors were larger than
the tumors from wild-type mice when the macrophages
could not be classically activated because of IFN-γ
deficiency. Both the TAMs and BDMCs in this strain
remained M2 throughout tumorigenesis, suggesting that M2
macrophage activation enhances tumor growth. Because the
BDMC activation mirrored that of the BAL macrophages,
deficiencies in these cytokine pathways did not affect the
ability of the lung tumors or their TAMs to activate bone
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Figure 1. Influence of genetic ablation of IFN-γ and IL-4 on urethane-
induced tumor development and BAL macrophage infiltration. Tumor
diameter (A), tumor multiplicity (B), and BAL macrophage density (C)
in IL-4Rα–/– (��) and IFN-γ–/– (��) mice compared to wild-type controls
(�) as a function of time after urethane treatment. *p<0.05, **p<0.001
vs. wild-type; data represent the mean±SEM.



marrow macrophages. However, the macrophages and
BDMCs in the tumor-bearing, wild-type mice were also
M2, but differences in tumor size and tumor numbers were
apparent. Loss of IFN-γ affects not only macrophage
activation but may also have negatively impacted T-cell
function, providing an environment advantageous for tumor
growth. Rag-2 deficient mice which cannot initiate V(D)J
rearrangement and thus lack functional lymphocytes 
are more susceptible to 3-methylcholanthrene (MCA)-
induced sarcoma development (21). Moreover, mice made

insensitive to IFN-γ by ablation of IFN-γR1 or signal
transducer and activator of transcription 1 (STAT1) develop
more MCA-induced flank tumors, implying that IFN-γ
maintains proper lymphocyte functioning (22). In the
present study, the macrophages from the wild-type mice at
32 weeks did not express iNOS, the functional consequence
of IFN-γ mediated effects in macrophages. We hypothesize
that M1-activated macrophages retard the clonal expansion
of initiated cells, while M2 macrophages stimulate lung
tumor growth rate.
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Figure 2. TAM and BDMC activation during urethane-induced tumorigenesis in IFN-γ–/– and IL-4Rα–/– mice. Tumor-associated BAL macrophages
(F4/80): green, BDMCs (BM. CD-68): green, arginase I: blue, iNOS: red, 32 weeks after the first urethane injection in (A) wild-type controls, (B)
IFN-γ–/– mice and (C) IL-4Rα–/– mice. Co-localization of F4/80 and iNOS or arginase I indicates that the cells staining for iNOS and arginase I
are indeed macrophages. Final magnification ×630. 
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Figure 3. The presence of TIMs in IL-4Rα–/– and IFN-γ–/– mice. (A) Macrophages (F4/80) stained dark brown in uninvolved lung tissue adjacent
to tumors (TAMs, right column) and within the tumor parenchyma (TIMs, left column) at 32 weeks after urethane induction. Final magnification x400.
(B) TIMs at 32 weeks. **p<0.001 compared to wild-type and IFN-γ–/– mice. Data represent the mean±SEM. (C) iNOS immunohistochemical staining
in TIMs (circled) 32 weeks after urethane treatment in IL-4Rα–/– mice. 



The loss of IL-4/IL-13 signaling upon deleting IL-4Rα
influenced tumor development, yielding smaller tumors and
stimulating macrophage infiltration into the tumor
parenchyma. The TAMs, TIMs and BDMCs in these mice
were M1 activated, and M1-activated TIMs may
significantly inhibit tumor growth. Loss of IL-4Rα affects
the course of development in other diseases as well.
Macrophage-specific ablation of IL-4Rα protein in mice
(23) showed increased M1 activation through TH1 cytokine
up-regulation of iNOS and NO and decreased IL-10
expression, producing a cytotoxic environment that
decreased survival during Schistosoma mansoni infection
(24). Reduced expression of IL-4Rα in macrophages also
decreased cutaneous Leishmania major disease progression
and increased M1 cytokine signals, as occurred in the
present study in the tumor-bearing IL-4Rα–/– mice. When
IL-4Rα was ablated in CD4+ T-cells, mice were more
resistant to infection with L. major compared to wild-type
mice who developed ulcerating lesions (25). 

Related conclusions have been made about the role of
IL-4/IL-13 in other cancer models. When M2 macrophages
were specifically targeted for T cell recognition by
vaccination against legumain, an asparaginyl endopeptidase
over-expressed specifically in TAMs, the lower number of
TAMs correlated with reduced breast tumor growth (15).
Binding IL-4/IL-13 to IL-4Rα activates the STAT6
pathway. STAT6-deficient mice had more M1 macrophages
and exhibited 60% less metastasis of 4T1 mammary
carcinoma cells compared to wild-type mice (26). The loss
of M2 activation in the IL-4Rα–/– mice affirmed studies in
other systems in which IL-4 and IL-13 induce alternative
activation through binding to a common IL-4Rα receptor
subunit. The macrophages and BDMCs in the IL-4Rα–/–

mice were classically activated, which is consistent with
reduced lung tumor mass (Figure 1B) if M1 activation
impedes tumorigenesis.

By comparing wild-type and null mice, the roles for
macrophage activation can be differentiated. Interestingly, even
with genetically mandated losses of INF-γ or IL-4/IL-13
signaling, the mice still recruited macrophages to the tumor
microenvironment, albeit not as many. Altered abilities to
become classically or alternatively activated did not dictate
whether macrophages can be recruited to the lungs. The IL-
4Rα–/– and wild-type mice had similar tumor multiplicities and
contained TIMs, indicating a role for IFN-γ and TH1 cytokines
in regulating the anatomic sites to which macrophages migrate.
Whether the TIMs reduced tumor growth, possibly by digesting
tumor cells or reversing growth inhibitory signals, is not yet
known. No quantitative differences between the tumors in the
wild-type and IL-4Rα–/– mice in their proliferation (by Ki-67
immunostaining), apoptosis (by TUNEL analysis), or
angiogenesis (by CD31 immunostaining; data not shown) were
found. With a lack of counterbalancing signaling through IL-

4Rα, the IFN-γ-stimulated macrophages displayed enhanced
phagocytosis of tumor cells (27), consistent with a hypothesis
that centrally located M1-activated TIMs digest tumor cells to
cause tumor shrinkage. The IFN-γ–/– and wild-type mice had
similar TAM and BDMC activation states, and IL-4Rα–/– and
IFN-γ–/– caused similar perturbations in the ability to recruit
macrophages. As with other reciprocal signaling relationships,
the balance between IFN-γ and IL-4/IL-13 activation pathways
is critical to maintaining a disease-free environment. Since
IFN-γ and IL-4Rα are expressed and functional in other cell
types, genetic ablation of IFN-γ and IL-4Rα does not yield as
interpretable a phenotype as deletion mutants targeted to
macrophages. Nevertheless, these results imply that inhibiting
IL-4/IL-13 signaling or enhancing that of IFN-γ could have
therapeutic potential. 
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