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Macrophages are a major component of tumor stroma. Tumor-
associated macrophages (TAMs) show anti- (M1) or protumor
(M2) functions depending on the cytokine milieu of the tumor
microenvironment. Cyclooxygenase-2 (COX-2) is constitutively
expressed in a variety of tumors including colorectal cancer.
TAMs are known to be a major source of COX-2 in human and
mice intestinal tumors. COX-2 inhibitor reduces the number and
size of intestinal adenomas in familial adenomatous polyposis pa-
tients and Apc™™/+ mice. Although COX-2 inhibitor is thought to
regulate cancer-related inflammation, its effect on TAM pheno-
type remains unknown. Here, we examined the effects of COX-2
inhibition on TAM phenotype and cytokine expression both in
vivo and in vitro. Firstly, the selective COX-2 inhibitor celecoxib
changed the TAM phenotype from M2 to M1, in proportion to the
reduction in number of Apc™”/+ mouse polyps. Concomitantly, the
expression of M1-related cytokine interfron (IFN)-y was signifi-
cantly upregulated by celecoxib, although the M2-related cyto-
kines interleukin (IL)-4, IL-13 and IL-10 were not significantly
altered. Secondly, IFN-y treatment attenuated M2 phenotype of
mouse peritoneal macrophages and oriented them to M1 even in
the presence of M2-polarizing cytokines such as IL-4, IL-13 and
IL-10. Thus, our results suggest that COX-2 inhibition alters TAM
phenotype in an IFN-y-dependent manner and subsequently may
reduce intestinal tumor progression.

Introduction

Macrophages are a major component of the leukocyte infiltrates in
various tumor stroma and macrophages that infiltrate tumors are
called tumor-associated macrophages (TAMs) (1,2). TAMs have been
recognized as a part of the inflammatory circuits that promote tumor
progression (1,2). Since macrophages have functional plasticity and
can change their activation status in response to the microenvironment
(3,4), the concept of phenotypic heterogeneity of macrophages has
been strengthened with the classification of M1 (classically activated)
and M2 (alternatively activated) phenotypes in analogy with the
Thl and Th2 dichotomy (3,5,6). It is considered that when macro-
phages are exposed to lipopolysaccharides and interfron (IFN)-vy, they
are polarized to the M1 phenotype and have antitumor functionality.
When they are exposed to Th2 cytokines, such as interleukins (IL)-4,
IL-13 and IL-10, they are polarized to the M2 phenotype and support
cell proliferation and tumor growth (5,7). TAM is considered as a po-
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larized M2 macrophage population in most mouse and human tumors
(e.g. breast, prostate, glioma and lymphoma) (5,8).

Several studies have demonstrated that cyclooxygenase-2 (COX-2)
is constitutively expressed in colorectal cancer, predominantly by
stromal cells (9-18). Macrophages are one of the major sources of
COX-2 in colorectal cancer (11,15-19). COX-2 promotes the pro-
gression of colorectal cancer through prostaglandin production and
inhibition of COX-2 by traditional nonsteroidal anti-inflammatory
drugs or selective COX-2 inhibitors reduces the number and size of
adenomas in familial adenomatous polyposis patients and in Apc
knockout mice (9,12-14,20-25). Although previous studies have
shown that COX-2 inhibitors affect cytokine expression profiles and
tumor microenvironments (26), the effect of COX-2 inhibition on
TAM phenotype remains unclear.

To examine the effect of COX-2 inhibition on TAMs, we investi-
gated the status of TAMs in ApcM™/+ mouse intestinal polyps and
concomitant cytokine expression profiles with or without selective
COX-2 inhibitors. In addition, we studied the effect of COX-2 in-
hibition and various cytokines on mouse peritoneal macrophages in
terms of the M1/M2 phenotype.

Materials and methods

Mouse models

ApcM /4 mice were obtained from Jackson Laboratory (Bar Harbor, ME), and 9-
to 10-week-old male Apc™™* mice were treated with either drug-free chow or
celecoxib-mixed chow (Pfizer, Groton, CT) for 8 weeks. Celecoxib were pre-
pared in chow with a dose of 330, 66 or 6.6 ng/body wt g/day. After the mice
were killed, their intestinal polyps were counted as described previously (27). All
experiments were approved by the Animal Research Committee of Kyoto Uni-
versity and performed in accordance with the Japanese government regulations.

Histological analysis and immunofluorescence/immunohistochemistry stainings

For histological analysis, intestinal samples were fixed overnight in 4% para-
formaldehyde, embedded in paraffin and sectioned at 5 pum thickness. Subse-
quently, sections were deparaffinized, rehydrated and stained with hematoxylin
and eosin. For immunohistochemistry, sections were incubated with primary
antibody (rat anti-mouse F4/80, 1:100; Abcam, Cambridge, MA) overnight and
with the biotinylated secondary antibody followed by incubation with the
avidin—biotin—peroxidase complex (Vector Labs, Southfield, MI). The sections
were labeled with peroxidase and colored with diaminobenzidine substrate
(Dako, Glostrup, Denmark). For immunofluorescence, intestinal samples were
embedded in OCT compound (Sakura, Tokyo, Japan) and frozen at —80°C.
These frozen samples were sectioned at 6 um, fixed in methanol, washed with
phosphate-buffered saline (PBS) and then incubated with the primary anti-
bodies [rat anti-mouse F4/80 (1:100; Abcam), rabbit anti-mouse F4/80
(1:100; Abcam), rat anti-mouse mannose receptor (MR) (1:25; Hycult biotech,
Uden, Netherlands), rabbit anti-mouse inducible nitric oxide synthase (iNOS)
(1:100; Abcam), rabbit anti-mouse COX2 (1:100; Abcam), Alexa Fluor 488
conjugated hamster anti-mouse CD3e (1:100; eBioscience, San Diego, CA),
mouse anti-mouse Ncam (1:100; Abcam) or rat anti-mouse IFN-y (1:400;
eBioscience)] overnight at 4°C and washed again with PBS. Washed sections
were treated with fluorescence-conjugated secondary antibodies (Invitrogen,
Carlsbad, CA) for 2 h.

Cell preparations

Mouse peritoneal macrophages were isolated from 8-week-old female C57BL/
6] mice. Peritoneal cells were harvested by peritoneal lavage with 10 ml PBS.
Cells were resuspended and cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen) supplemented with 10% fetal calf serum, 100 mg/ml
of penicillin, 100 mg/ml of streptomycin and 1.25 ug/ml of amphotericin B.
1 x 10° peritoneal cells were seeded into a 12-well dish and incubated for 2 h.
Then, cells were washed in PBS and recultured in Dulbecco’s modified Eagle’s
medium without fetal calf serum. To inhibit COX-2 activity, 10 pM of cele-
coxib was added to the culture medium with 20 ng/ml of mouse recombinant
IL-4 (PeproTech, Rocky Hill, NJ) and 20 ng/ml of mouse recombinant IL-13
(PeproTech) or with 20 ng/ml of mouse recombinant IL-10 (R&D Systems,
Minneapolis, MN). For the IFN-y addition experiment, 20 ng/ml of mouse
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recombinant IFN-y (PeproTech) was added to the cells with 20 ng/ml of IL-4
and 20 ng/ml of IL-13 or with 20 ng/ml of IL-10. Cells were collected 4 h after
stimulation.

RNA isolation and quantitative reverse transcription—polymerase chain
reaction

We isolated RNA from Apc¥™*+ mice and mouse peritoneal macrophages
using a TRIzol reagent (Invitrogen) according to the manufacturer’s instruc-
tions and then synthesized single-stranded complementary DNA from 1 pg of
total RNA using Superscript III (Invitrogen). We performed quantitative poly-
merase chain reaction (PCR) using the LightCycler FastStart DNA Master
SYBR Green 1 kit (Roche Diagnostics, Osaka, Japan). The amplification con-
ditions included 10 s of denaturation at 95°C, 5 s of annealing at 57°C and 10 s
of extension at 72°C for a total of 45 cycles. Quantitative reverse transcription
(qQRT)-PCR primers were as follows: mouse GAPDH-forward, AGGTCG-
GTGTGAACGGATTTG, mouse GAPDH-reverse, TGTAGACCATGTAGTTG-
AGGTCA; mouse Arginase 1-forward, TGGCTTGCGAGACGTAGAC, mouse
Arginase 1-reverse, GCTCAGGTGAATCGGCCTTTT, mouse MR-forward,
GCTGAATCCCAGAAATTCCGC, mouse MR-reverse, ATCACAGGCATAC-

AGGGTGAC; mouse iNOS-forward, GTTCTCAGCCCAACAATACAAGA,
mouse iNOS-reverse, GTGGACGGGTCGATGTCAC; mouse YmIl-forward,
TTATCCTGAGTGACCCTTCTAAG, mouse Ym1-reverse, TCATTACCCTG-
ATAGGCATAGG; mouse Trem2-forward, CTGGAACCGTCACCATCACTC,
mouse Trem2-reverse, CGAAACTCGATGACTCCTCGG; mouse CXCL10-
forward, CCAAGTGCTGCCGTCATTTTC, mouse CXCLI10-reverse,
GGCTCGCAGGGATGATTTCAA; mouse IFN-y-forward, ATGAACGCTA-
CACACTGCATC, mouse IFN-y-reverse, CCATCCTTTTGCCAGTTCCTGC;
mouse IL-4-forward, GGTCTCAACCCCCAGCTAGT, mouse IL-4-reverse,
GCCGATGATCTCTCTCAAGTGAT; mouse IL-10-forward, GCTCTTACT-
GACTGGCATGAG, mouse IL-10-reverse, CGCAGCTCTAGGAGCATGTG;
mouse IL-13-forward, GGATATTGCATGGCCTCTGTAAC, mouse IL-13-
reverse, AACAGTTGCTTTGTGTAGCTGA; mouse IL-12-forward, ACTCTGC-
GCCAGAAACCTC, mouse IL-12-reverse, CACCCTGTTGATGGTCACGAC;
mouse CD4-forward, AGGTGATGGGACCTACCTCTC, mouse CD4-reverse,
GGGGCCACCACTTGAACTAC; mouse CD8a-forward, CCGTTGACCCGC-
TTTCTGT, mouse CD8a-reverse, CGGCGTCCATTTTCTTTGGAA; mouse
Nkg2d-forward, ACTCAGAGATGAGCAAATGCC, mouse Nkg2d-reverse,
CAGGTTGACTGGTAGTTAGTGC.
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Fig. 1. TAMs infiltrating Apc™™+ mouse polyps were polarized to the M2 phenotype. (A) Representative hematoxylin and eosin staining of small intestinal
polyp of ApcM™+ mouse. Original magnification, x 100. (B) Apc™"/* mouse polyp stroma was infiltrated with F4/80-positive TAMs (green). (C) gqRT-PCR
showed that expression of F4/80 was upregulated in large polyps. Data represent fold induction of mRNA expression compared with histologically

normal mucosa (ctrl) (n = 6). *P < 0.05. (D) The expression of M1 and M2 genes in small or large polyps was evaluated by qRT-PCR. In intestinal polyps,
M1 markers (iNOS and CXCL10) were suppressed and M2 markers (Arginasel, MR, Ym1 and Trem2) were increased in a polyp size-dependent manner.
Data represent fold induction of mRNA expression compared with histologically normal mucosa (ctrl) (n = 8). *P < 0.05. (E) Polyps were double stained with
F4/80 and iNOS (M1 marker, showing negative staining) or F4/80 and MR (M2 marker, showing positive colocalization). Original magnification, x400.
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Statistics

All values are presented as mean + SD unless otherwise stated. Two-tailed
Student’s 7-test was used for statistical analysis. A P value <0.05 was consid-
ered significant.

Results

Stroma of ApcM™* mouse polyps was infiltrated by TAMs that were
polarized to M2 phenotypes

We first investigated the status of TAMs in intestinal polyps of ApcM™/+
mice. Here, we defined polyps with 1-2 mm in diameter as ‘small’
polyps and those >2 mm in diameter as ‘large’ polyps. Immunohis-
tochemistry showed that polyp stroma was infiltrated by a massive
number of F4/80-positive macrophages (Figure 1A and B). Although
macrophages are a major stromal component in histologically normal
mucosa of the small intestine, messenger RNA (mRNA) expression of
F4/80 in polyps was increased in a size-dependent manner (Figure 1C).
This finding was consistent with previous reports demonstrating mas-
sive infiltration of TAMs in mouse intestinal tumor stroma (28).

To evaluate the phenotype of TAMs in ApcM™™+ mouse polyps, we
next investigated mRNA expression of representative M1 and M2
genes by qRT-PCR (Figure 1D). mRNA of iNOS and C-X-C motif
chemokine 10 (CXCL10), which are key effector molecules produced
by M1 macrophages, were significantly lower in small and large
polyps compared with histologically normal mucosa. In contrast,
mRNA of arginase 1, Ym1, MR and triggering receptor expressed on
myeloid cells 2 (Trem2), which are typical M2 markers, were higher in
small and large polyps. Immunohistochemistry was consistent with
these findings. F4/80- and iNOS-positive macrophages were scarcely
detected in polyp stroma, but a number of F4/80- and MR-positive
macrophages had infiltrated the stroma (Figure 1E). Taken together,
TAMs infiltrating the small intestinal polyp stroma of Apc™”/+ mice
were polarized to M2 phenotypes.

Th2 cytokines were predominant in the microenvironment of ApcM™/+
mouse polyps

Since TAMsS can alter their phenotype in response to the microenvi-
ronment in which they exist, we sought to investigate the factors that
determine the M2 phenotype in TAMs in Apc™™+ mouse polyps.
mRNA expression of IFN-y and IL-12, which are responsible for driv-
ing Thl responses and antitumor activity, were suppressed in polyps
compared with histologically normal mucosa (Figure 2A). In contrast,
mRNA of IL-4, IL-13 and IL-10, which induce M2 macrophage phe-
notype, were higher in polyps than in histologically normal mucosa
(Figure 2B). Thus, the cytokine expression profile of Apc™"+ mouse
polyps was consistent with the M2 TAM phenotype we observed.

COX-2 inhibitor reduced the size and number of polyps and altered
TAM phenotype from M2 to M1 in ApcM™+ mice

Subsequently, we investigated the effect of COX-2 inhibition on TAM
activation in ApcM™+ mouse polyps. Similar to previously reported
studies (9), mRNA levels of COX-2 showed 2.01 = 1.6 (mean = SD)-
fold elevation in small polyps as compared with histologically normal
mucosa, and COX-2 protein was immunostained in polyp stroma
cells, including F4/80-positive cells (Figure 3A).

To determine whether COX-2 inhibition affects TAM phenotype,
we administered celecoxib, a widely used COX-2 selective inhibitor,
to Apc™i"+ mice for 8 weeks. We used 330 or 66 pg/body wt g/day of
celecoxib based on previous reports (23,29). The number and size of
small intestinal polyps were decreased in Apc™™+ mice treated with
330 or 66 pg of celecoxib (Figure 3B and C). We also used 6.6 pg of
celecoxib, which is usual daily dose in human and could not find
significant suppression of intestinal polyps in Apc™"/+ mice (data not
shown). As well as previous reports (10), we considered the required
dose of COX-2 inhibitor would be different between mouse and hu-
man, and used 330 pg/body wt g/day of celecoxib in the following
mouse studies. As described previously (10), large polyps almost dis-
appeared in mice fed with celecoxib, we studied the phenotypes of

COX-2 inhibition alters the phenotype of TAM
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Fig. 2. Apc™™+ mouse polyps showed a Th2-predominant tumor
microenvironment. (A and B) qRT-PCR analysis was performed for cytokine
milieu in Apc™/* mouse polyps. Histologically normal mucosa was used as
control (ctrl) (n = 6). “P < 0.05. (A) Th1 cytokines (IFN-y and IL-12) were
suppressed in Apc™™+ mouse polyps in a polyp size-dependent manner.
(B) Th2 cytokines (IL-4, IL-13 and IL-10) were upregulated in Apc™™/*
mouse polyps in a polyp size-dependent manner.

TAMs using the same size fraction of polyps 1-2 mm in diameter with
or without celecoxib. As shown in Figure 3D, mRNA of the M1 genes
iNOS and CXCL10 were restored with COX-2 inhibition. In contrast,
mRNA of the M2 genes arginase 1, Ym1, MR and Trem2 were mark-
edly downregulated in polyps and were almost similar to those in
histologically normal mucosa with COX-2 inhibition. Thus, COX-2
inhibition skewed TAM phenotype from M2 to M1 in Apc™™+ mouse

polyps.

COX-2 inhibition resulted in significant upregulation of IFN-y in
ApcMint mouse polyps

Based on the alteration of TAM phenotypes, we presumed that COX-2
inhibition may also alter Th1/2 cytokine levels in Apc™” mouse polyps.
Therefore, we investigated cytokine expression in the same size frac-
tion of polyps (1-2 mm in diameter) with or without COX-2 inhibition.
Among Thl cytokines, mRNA expression of IFN-y was significantly
higher in polyps with COX-2 inhibition than in control polyps without
COX-2 inhibition (Figure 4A). On the other hand, Th2 cytokines such
as [L-4, IL-13 and IL-10 were suppressed by COX-2 inhibition. How-
ever, this suppression of Th2 cytokines was not statistically signifi-
cant, and therefore the Th2 cytokines appeared to remain in Apc™i
mouse polyps even in the presence of COX-2 inhibitor. We next
examined the source of IFN-y in Apc™™ mouse polyps induced by
COX-2 inhibition. qRT-PCR showed mRNA expression of CD4, CD8
and Nkg2d were enhanced by COX-2 inhibition, suggesting influx
of T cells and natural killer cells was increased (Figure 4B). Immu-
nofluorescence stainings demonstrated IFN-y expression colocalized
with both CD3e-positive T cells and Ncam-positive natural killer
cells in Apc™™ mouse polyps with COX-2 inhibition (Figure 4C).
Collectively, these findings indicated that COX-2 inhibition altered
cytokine profile by enhancing T cells and natural killer cells to pro-
duce IFN-y and might skewed M2 TAMs to M1 phenotype in tumor
microenvironment.

COX-2 inhibition alone was not sufficient to alter the activation status
of mouse peritoneal macrophages in the presence of IL-4, IL-13 and
IL-10

In vivo studies raised a question whether up-regulation of Thl cyto-
kine IFN-y by COX-2 inhibition could alter TAM phenotypes from
M2 to M1 even in the presence of Th2 cytokines such as IL-4, IL-13
and IL-10. To answer this question, we examined the direct effect of
these cytokines on freshly isolated mouse peritoneal macrophages in
terms of M1/M2 phenotype.
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Fig. 3. COX-2 inhibitor altered TAM phenotypes from M2 to M1 in Apc”™+ mouse polyps. (A) Double staining with F4/80 (green) and COX-2 (red) showed
that macrophages produced COX-2 in Apc™™* mouse polyps. Original magnification, x400. (B) Male Apc™/+ mouse were treated with either drug-free
chow or 330 pg/body wt g/day celecoxib-mixed chow for 8 weeks (n = 8). Representative hematoxylin and eosin sections showed reduction of small intestinal
polyps with celecoxib. Original magnification, x40. (C) The number of small or large polyps of small intestine in control and 330 or 66 pg/body wt g/day
celecoxib-treated cohorts was counted. (D) mRNA expression in polyps of control and celecoxib-treated cohorts was evaluated by qRT-PCR. M1 markers
(iNOS and CXCL10) were upregulated and M2 markers (Arginasel, MR, Ym1 and Trem2) were downregulated. Data represent fold induction of mRNA
expression compared with mRNA in control Apc™™* mouse polyps (n = 4-8). *P < 0.05.

As a previous report showed that macrophages were polarized to
the M2 phenotype with IL-4 and IL-13 (4,30), we first administered
20 ng/ml of recombinant IL-4 and IL-13 to mouse macrophages. We
found that the mRNA expression of the M1 marker iNOS, CXCL10
and IL-12 remained unchanged (Figure 5A). In contrast, the M2
marker MR, Trem2 and Ym1 mRNA were significantly upregulated.
Thus, mouse peritoneal macrophages, though not completely, polar-
ized to the M2 phenotype in the presence of IL-4 and IL-13, and
therefore these cells seemed a model for TAMs.

To test the role of COX-2 inhibition in macrophage phenotype, we
administered 10 pM celecoxib to the medium together with 20 ng/ml
of recombinant IL-4 and IL-13 (Figure 5A). mRNA expression of
CXCL10 was upregulated. However, mRNA of iNOS and IL-12 were
not altered significantly. Thus, at the cellular levels COX-2 inhibition
alone was not sufficient to alter an M2 phenotype of macrophages in
the presence of IL-4 and IL-13. Because IL-4 and IL-13 induce M2a
or wound healing macrophages, and IL-10 induces M2c or regulatory
macrophages (5,7), we investigated the effect of recombinant IL-10
on mouse macrophages. 20 ng/ml of IL-10 also upregulated mRNA of
M2 markers, MR, Trem2 and Ym1 (Figure 5B). However, adminis-
tration of COX-2 inhibitor together with 20 ng/ml of IL-10 failed to
alter macrophages from M2 phenotype to M1. We tested another
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macrophage models using human monocyte cell line THP-1 and ob-
tained similar results to mouse macrophages (data not shown). Col-
lectively, these results indicated that COX-2 inhibition alone was not
sufficient to alter macrophage activation status from M2 to M1 in the
presence of Th2 cytokines.

M2-polarized mouse macrophages were oriented to the M1 phenotype
by the addition of IFN-y even in the presence of IL-4, IL-13 and IL-10

Based on the ApcM" mouse polyp data, we sought to examine the
direct effect of IFN-y on the regulation of macrophage phenotypes.
Several reports demonstrate that IFN-y prevents tumor development
and reverts the M2 phenotype of TAMs (31-33). Since IFN-y ap-
peared to be produced by T cells and natural killer cells in ApcMin
mouse polyps (Figure 4B and C) and mRNA of IFN-y in mouse
macrophages was not affected by COX-2 inhibition (data not shown),
we added 2, 20 or 200 ng/ml of recombinant IFN-y to mouse perito-
neal macrophages. We found that 20 ng/ml of recombinant IFN-y
significantly elevated mRNA expression of iNOS, CXCL10 and IL-
12 in macrophages that had been administered 20 ng/ml of recombi-
nant IL-4 and IL-13 (Figure 6A). In contrast, [L-4 + IL-13-induced
mRNA of MR, Trem2 and Ym1 were significantly suppressed by IFN-
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Fig. 4. Cytokine milieu in Apc™™+ mouse polyps showed upregulation of
IFN-y with celecoxib. (A) qRT-PCR analyses were performed for cytokine
milieu in Apc™™+ mouse polyps treated with celecoxib. Data represent fold
induction of mRNA expression compared with mRNA in control ApcMi/+
mouse polyps (n = 4-8). *P < 0.05 (upper). Among Th1 cytokines, the
expression of IFN-y was significantly upregulated by COX-2 inhibition
(lower). Th2 cytokines (IL-4, IL-13 and IL-10) were suppressed, although
not significantly, by COX-2 inhibition. (B) mRNA expression of CD4,
CD8a and Nkg2d were elevated in 330 pg/body wt g/day celecoxib-treated
ApcM+ mouse polyps (n = 4-8) (C) IFN-y expression (red) colocalized
with both CD3 (left, green) and Ncam (right, green) in Apc™™ mouse
polyps with COX-2 inhibition.

v. Similar outcomes were obtained when the experiment was per-
formed with 2 or 200 ng/ml of IFN-vy (data not shown). These results
indicate that IFN-y has sufficient capacity to alter the activation status
of macrophages from M2 to M1 even in the presence of IL-4 and IL-
13. We also confirmed the crucial role of IFN-y on mouse macro-
phages in the presence of IL-10. Treatment with 20 ng/ml of IFN-y
upregulated M1 markers (iNOS, CXCL10 and IL-12) and downregu-
lated M2 markers (MR, Trem2 and Yml) again in mouse macro-
phages in the presence of 20 ng/ml of IL-10 (Figure 6B).

Discussion

In the present study, we demonstrated that TAMs in Apc™"+ mouse
polyps possessed alternatively activated (M2) phenotypes and that the
cytokine milieu of the polyps was Th2 predominant. Our in vivo study
revealed that COX-2 inhibition altered TAM phenotypes from M2 to
M1 in association with the increase of IFN-v in the polyps, and our
in vitro study showed that IFN-y played a key role in the alteration
of macrophage phenotypes even in the presence of the Th2 cytokines

COX-2 inhibition alters the phenotype of TAM

A M1
iNOS CXCL10 IL-12
4 0 ——— 15
Q
g’ 20 10
5 2
T |_L| 10 0.5
o
0 I_I 0 ] 0
IL-4/13 - o+ o+ — o+ o+ .
Celecoxib — - + — - — _
M2
MR 5 Trem2 Ymi1
5 x —* 50
S 4 4 40
e 3 3 30
[)
5 2 2 20
o 1 1 10
0 0 0
IL-4/13 - o+ o+ E— E—
Celecoxib — - + — — + — _ +
B M1
iNOS CXCL10 IL-12
15 8 3
& 6
£ 10 2
S 4
o 05 ’_L‘ 9 1 ’l‘
Re]
ol . & 0 |_|
IL-1OO - + + _ ¥ + — " "
Celecoxib — - + — _ + _ _ +
M2
MR Trem2 Ym1
5 * 4 10
5 ‘3‘ 3 8
2 6
S 2
5 2 1 4
Re]
0 0 0
10 - o+ o+ — o+ 4 E—
Celecoxib — - + - — + - — +

Fig. 5. COX-2 inhibition alone was not sufficient to regulate the activation
status of mouse peritoneal macrophages in the presence of IL-4, IL-13 and
IL-10. (A and B) mRNA expression of M1 and M2 genes was evaluated by
qRT-PCR in freshly isolated mouse peritoneal macrophages. (A) When
treated with 20 ng/ml of recombinant IL-4 and IL-13 for 4 h, nRNA of MR,
Trem2 and Ym! were upregulated, suggesting polarization to the M2
phenotype. Administration of 10 uM celecoxib for 4 h upregulated CXCL10.
However, other markers were not altered siginificantly. *P < 0.05. (B) When
treated with 20 ng/ml of recombinant IL-10 for 4 h, mRNA of MR, Trem2
and YmI were upregulated, suggesting that macrophages were oriented to
the M2 as well as IL-4 + IL-13. Administration of 10 pM celecoxib for 4 h
altered M1/M2 markers in part (iNOS and CXCL10) without significant
alterations. P < 0.05.

IL-4, IL-13 and IL-10. These data suggest that COX-2 inhibition
alters TAM phenotype in an IFN-y-dependent manner.

To the best of our knowledge, this study is the first direct demon-
stration that TAM phenotype is polarized to M2 in Apc™™+ mouse
intestinal polyps (18). Due to the functional plasticity of macro-
phages, TAMs are strongly influenced by tumor microenvironment
(e.g. Th1/Th2 balance) and are considered to be alternatively
activated in most tumors (4,8,34-38). TAMs, especially M2 TAMs,
promote tumor progression in a number of experimental models
(8, 34-39). However, the significance of TAMSs in gut tumorigenesis
has been unclear, with some reports showing a correlation between
increased number of TAMs and good prognosis, which is in contrast
to other malignancies (40,41). To date, few experimental reports have
directly demonstrated the role of TAMsS in intestinal tumorigenesis in
this context. Our study using ApcM™*+ mouse supports the possibility
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Fig. 6. IFN-y had sufficient capacity to alter the phenotype of mouse
peritoneal macrophages from M2 to M1 even in the presence of IL-4, IL-13
and IL-10. (A and B) mRNA expression of M1 and M2 genes was evaluated
by qRT-PCR in freshly isolated mouse peritoneal macrophages. (A)
Together with 20 ng/ml of IL-4 and IL-13, 20 ng/ml of IFN-y was added to
M2-polarized macrophages. qRT-PCR showed significant upregulation of
all M1 markers and downregulation of all M2 markers by administration of
IFN-vy, even in the presence of IL-4 and IL-13. Representative data from at
least four independent experiments are shown. *P < 0.05. (B) Together with
20 ng/ml of IL-10, 20 ng/ml of IFN-y was added to M2-polarized
macrophages. qRT-PCR showed upregulation of M1 markers and
downregulation of all M2 markers by administration of IFN-y, even in the
presence of IL-10. Representative data from at least four independent
experiments are shown. *P < 0.05.

that accumulating M2 TAMs play a role in intestinal tumor progres-
sion that is similar to that in other organs.

Subsequently, we investigated the effect of COX-2 inhibition on
TAM activation in Apc™™+ mouse polyps. As previously reported
(9,10,23), COX-2 inhibitor reduced intestinal polyps in ApcMi/+
mice. Although it is generally accepted that COX-2 inhibition induces
tumor reduction partly through the regulation of cancer-related im-
mune responses (20-23), few papers have directly demonstrated the
effect of COX-2 inhibition on TAM phenotypes. In the present study,
we showed that COX-2 inhibition skewed M2 TAMs in ApcMin/+
mouse polyps to M1 with enhanced IFN-y production.
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Although IFN-y is known to be one of the key inducers of M1
polarization (4,5), the superiority between Thl and Th2 cytokines
to regulate the activation of TAM remains to be elucidated. Therefore,
to determine this, we used mouse peritoneal macrophages and dem-
onstrated that COX-2 inhibition alone was not sufficient to alter M2
markers of macrophages in the presence of IL-4, IL-13 and IL-10.
These data suggest that additional factors, secreted from other cell
types, are required to alter TAM phenotypes in Apc™#/+ mouse pol-
yps, particularly in response to administration of a COX-2 inhibitor.
Notably, we observed that the administration of IFN-vy altered mac-
rophage phenotypes even in the presence of IL-4, IL-13 and IL-10.
Taken together with our data in Apc™™+ mice, COX-2 inhibition
appeared to change TAM phenotypes not directly but through IFN-y
induction in T cells and natural killer cells. These results are consis-
tent with a pivotal role for IFN-y in altering the tumor microenviron-
ments (33,42,43). Therefore, it can be suggested that the skewing of
TAM phenotypes by IFN-y contributes to COX-2—dependent reduc-
tion of ApcM™/+ mouse polyps.

In conclusion, we demonstrated that COX-2 inhibition altered TAM
phenotypes, possibly in an IFN-y-dependent manner, in the polyps of
ApcM/+ mouse. The study provides a new insight into the regulation
of TAM phenotypes, and bridges the immune network with the anti-
tumor properties of COX-2 inhibitor. These findings may support the
development of novel therapeutic strategies in colorectal cancer pa-
tients through the skewing of TAM phenotypes.

Funding

This study was supported by Grants-in-aid for Scientific Research
(20599008, 22-2434, 21229009, 23590937) from the Ministry of
Education, Culture, Sports, Science, and Technology of Japan, Re-
search Foundation of Translational Research Center, the Foundation
Kyoto Cancer Society and the Fujiwara Memorial Foundation.

Conflict of Interest Statement: None declared.

References

1.Mantovani,A. et al. (1992) The origin and function of tumor-associated
macrophages. Immunol. Today, 13, 265-270.

2.BalkwilLLE. ef al. (2001) Inflammation and cancer: back to Virchow? Lancet,
357, 539-545.

3.Gordon,S. et al. (2005) Monocyte and macrophage heterogeneity. Nat. Rev.
Immunol., 5, 953-964.

4. Watkins,S.K. et al. (2007) IL-12 rapidly alters the functional profiles of
tumor-associated and tumor-infiltrating macrophages in vitro and in vivo.
J. Immunol., 178, 1357-1362.

5.Mantovani,A. et al. (2004) The chemokine system in diverse forms of
macrophage activation and polarization. Trends Immunol., 25, 677-686.

6.Mosmann,T.R. et al. (1986) Two types of murine helper T cell clone. I.
Definition according to profiles of lymphokine aactivities and secreted
proteins. J. Immunol., 136, 2348-2357.

7.Mosser,D.M. et al. (2008) Exploring the full spectrum of macrophage
activation. Nat. Rev. Immunol., 8, 958-969.

8.Sica,A. et al. (2008) Macrophage polarization in tumor progression. Semin.
Cancer Biol., 18, 349-355.

9.0shima,M. et al. (1996) Suppression of intestinal polyposis in Apc delta716
knockout mice by inhibition of cyclooxygenase 2 (COX-2). Cell, 87, 803—809.

10.Chulada,P.C. et al. (2000) Genetic disruption of Prgs-I, as well as of
Ptgs-2, reduces intestinal tumorigenesis in Min mice. Cancer Res., 60,
4705-4708.

11.HulLM.A. et al. (1999) Cyclooxygenase 2 is up-regulated and localized to
macrophages in the intestine of Min mice. Br. J. Cancer, 79, 1399-1405.

12. Taketo,M.M. (1998) Cyclooxygenase-2 inhibitors in tumorigenesis (part I).
J. Natl Cancer Inst., 90, 1529-1536.

13.TaketoM.M. (1998) Cyclooxygenase-2 inhibitors in tumorigenesis
(part II). J. Natl Cancer Inst., 90, 1609-1620.

14.Seno,H. et al. (2002) Cyclooxygenase-2 and prostaglandin E2 receptor
EP2-dependent angiogenesis in Apc(delta716) mouse intestinal polyps.
Cancer Res., 62, 506-511.

220z 1snbny Lz uo1senb Aq L€ 1 Z6EZ/EEE L/6/ZE/E101B/UIDIBO/WOD dNO dlWepeoR//:sdiy WOl papeojumod



15.Bamba,H. et al. (1999) High expression of cyclooxygenase-2 in macro-
phages of human colonic adenoma. Int. J. Cancer, 83, 470-475.

16.Chapple,K.S. et al. (2000) Localization of cyclooxygenase-2 in human
sporadic colorectal adenomas. Am. J. Pathol., 156, 545-553.

17.Hardwick,J.C. et al. (2001) NF-kappaB, p38 MAPK and JNK are highly
expressed and active in the stroma of human colonic adenomatous polyps.
Oncogene, 20, 819-827.

18.HullLM.A. et al. (2006) Regulation of stromal cell cyclooxygenase 2 in the
ApcMin/+ mouse model of intestinal tumorigenesis. Carcinogenesis, 27,
382-391.

19.Mantovani,A. et al. (2008) Cancer-related inflammation. Nature, 454,
436-444.

20. Steinbach,G. et al. (2000) The effect of celecoxib, a cyclooxygenase-2
inhibitor, in familial adenomatous polyposis. N. Engl. J. Med., 342,
1946-1952.

21.Baron,J.A. et al. (2003) a randomized trial of aspirin to prevent colorectal
adenomas. N. Engl. J. Med., 348, 891-899.

22.Phillips,R.K. et al. (2002) A randomized, double blind, placebo controlled
study of celocoxib, a selective cyclooxygenase 2 inhibitor, on duodenal
polyposis in familial adenomatous polyposis. Gut, 50, 857-860.

23.Jacoby,R.F. et al. (2000) The cyclooxygenase-2 inhibitor celecoxib is a po-
tent preventive and therapeutic agent in the min mouse model of adenoma-
tous polyposis. Cancer Res., 60, 5040-5044.

24.Dannenberg,A.J. et al. (2001) Cyclo-oxygenase2: a pharmacological target
for the prevention of cancer. Lancet Oncol., 2, 544-551.

25.Gwyn,K. et al. (2002) Chemoprevention of colorectal cancer. Am.
J. Gastroenterol., 97, 13-21.

26.Seno,H. et al. (2009) Efficient colonic mucosal wound repair requires
Trem?2 signaling. Proc. Natl Acad. Sci. USA, 106, 256-261.

27.0shima,M. et al. (1995) Evidence against dominant negative mechanisms
of intestinal polyp formation by Apc gene mutations. Cancer Res., 55,
2719-2722.

28.Popivanova,B.K. ef al. (2008) Blocking TNF-alpha in mice reduces co-
lorectal carcinogenesis associated with chronic colitis. J. Clin. Invest.,
118, 560-570.

29.Swamy,M.V. et al. (2006) Chemoprevention of familial adenomatous poly-
posis by low doses of atorvastatin and celecoxib given individually and in
combination to APCMin mice. Cancer Res., 66, 7370-7377.

COX-2 inhibition alters the phenotype of TAM

30. Tjiu,J.W. et al. (2009) Tumor-associated macrophage-induced invasion and
angiogenesis of human basal cell carcinoma cells by cyclooxygenase-2
induction. J. Invest. Dermatol., 129, 1016—-1025.

31.Shankaran,V. et al. (2001) IFNgamma and lymphocytes prevent primary
tumour development and shape tumor immunogenicity. Nature, 410, 1107—
1111.

32.Street,S.E. et al. (2002) Suppression of lymphoma and epithelial malignan-
cies effected by interferon gamma. J. Exp. Med., 196, 129-134.

33.Duluc,D. et al. (2009) Interferon-gamma reverses the immunosuppressive
and protumoral properties and prevents the generation of human tumor-
associated macrophages. Int. J. Cancer, 125, 367-373.

34.Lewis,C.E. et al. (1999) Distinct role of macrophages in different tumor
microenvironments. Cancer Res., 5, 1107-1113.

35.Mantovani,A. et al. (1986) Origin and regulation of tumor-associated mac-
rophages: the role of tumor-derived chemotactic factor. Biochim. Biophys.
Acta, 865, 59-67.

36.0guma,K. et al. (2008) Activated macrophages promote Wnt signaling
through tumour necrosis factor-alpha in gastric tumour cells. EMBO J.,
27, 1671-1681.

37.Sica,A. et al. (2007) Altered macrophage differentiation and immune dys-
function in tumor development. J. Clin. Invest., 117, 1155-1166.

38.Hagemann,T. et al. (2008) ‘“‘Re-educating” tumor-associated macrophages
by targeting NF-kB. J. Exp. Med., 205, 1261-1268.

39.Bingle,L. et al. (2002) The role of tumour-associated macrophages in tu-
mour progression: implications for new anticancer therapies. J. Pathol.,
196, 254-265.

40.Pollard,J.W. (2004) Tumor-educated macrophages promote tumour pro-
gression and metastasis. Nat. Rev. Cancer, 4, 71-78.

41.Nakayama,Y. et al. (2002) Relationships between tumor-associated macro-
phages and clinicopathological factors in patients with colorectal cancer.
Anticancer Res., 6C, 4291-4296.

42.Dunn,G.P. et al. (2006) Interferons, immunity and cancer immuoediting.
Nat. Rev. Immunol., 11, 836-848.

43.Ostrand-Rosenberg,S. (2008) Immune surveillance: a balance between pro-
tumor and antitumor immunity. Curr. Opin. Genet. Dev., 18, 11-18.

Received December 7, 2010; revised May 19, 2011;
accepted June 27, 2011

1339

220z 1snbny Lz uo1senb Aq L€ 1 Z6EZ/EEE L/6/ZE/E101B/UIDIBO/WOD dNO dlWepeoR//:sdiy WOl papeojumod



