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Cyclooxygenase-2 (COX-2) expression is associated with poor
prognosis across a range of human cancers, including breast
cancer. The contribution of tumor cell-derived COX-2 to tumo-
rigenesis has been examined in numerous studies; however, the
role of stromal-derived COX-2 is ill-defined. Here, we exam-
ined how COX-2 in myeloid cells, an immune cell subset that
includes macrophages, influences mammary tumor progression.
In mice engineered to selectively lack myeloid cell COX-2 [mye-
loid-COX-2 knockout (KO) mice], spontaneous neu oncogene-
induced tumor onset was delayed, tumor burden reduced, and
tumor growth slowed compared with wild-type (WT). Similarly,
growth of neu-transformed mammary tumor cells as orthotopic
tumors in immune competent syngeneic myeloid-COX-2 KO
host mice was reduced compared with WT. By flow cytomet-
ric analysis, orthotopic myeloid-COX-2 KO tumors had lower
tumor-associated macrophage (TAM) infiltration consistent with
impaired colony stimulating factor-1-dependent chemotaxis by
COX-2 deficient macrophages in vitro. Further, in both sponta-
neous and orthotopic tumors, COX-2-deficient TAM displayed
lower immunosuppressive M2 markers and this was coincident
with less suppression of CD8* cytotoxic T lymphocytes (CTLs) in
myeloid-COX-2 KO tumors. These studies suggest that reduced
tumor growth in myeloid-COX-2 KO mice resulted from disrup-
tion of M2-like TAM function, thereby enhancing T-cell survival
and immune surveillance. Antibody-mediated depletion of CDS8*,
but not CD4" cells, restored tumor growth in myeloid-COX-2 KO
to WT levels, indicating that CD8* CTLs are dominant antitumor
effectors in myeloid-COX-2 KO mice. Our studies suggest that
inhibition of myeloid cell COX-2 can potentiate CTL-mediated
tumor cytotoxicity and may provide a novel therapeutic approach
in breast cancer therapy.

Introduction

Cyclooxygenase (COX) converts arachidonic acid into the prosta-
glandins, a family of lipid mediators that have diverse and widespread
biological effects (1,2). Expression of the inducible COX isoform,
COX-2, is linked with poor prognosis in breast cancer (2) and its phar-
macological inhibition reduces risk across a range of human cancers,
including breast (3). In mice, global genetic (4) or pharmacological
(5) inhibition of COX-2 suppressed mammary tumorigenesis.
Tumors are comprised of malignant tumor cells and the surrounding
microenvironment containing resident and infiltrating non-malignant
cells, which release cytokines and growth factors that may impact

Abbreviations: BMDM, bone marrow-derived macrophage; COX, cyclooxy-
genase; CSF, colony stimulating factor; CTL, cytotoxic T lymphocyte; CV,
cardiovascular; DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal
bovine serum; IL, interleukin; KO, knockout; MDSC, myeloid-derived sup-
pressor cells; MRM, multiple reaction monitoring; mRNA, messenger RNA;
Q-PCR, quantitative-PCR; TAM, tumor-associated macrophage; TAN, tumor-
associated neutrophils; WT, wild-type.

tumor cell growth. Infiltrating immune cells in the tumor microenvi-
ronment display a range of phenotypes and functions. Thus, depend-
ing on their differentiation by soluble mediators and expression of
surface costimulatory or coinhibitory molecules, tumor-associated
immune cells can support or restrain tumor growth. Initially, immune
cells are thought to infiltrate the tumor in an effort to eliminate trans-
formed tumor cells; however, their so-called ‘reeducation’ within the
tumor microenvironment suppresses antitumor immune function (6).
Macrophages, an important component of the immune microenviron-
ment, are often classified by two phenotypic extremes—classically
activated M1, which support inflammation, antigen presentation and
cytotoxic generation of reactive oxygen species, or alternatively acti-
vated M2, which support angiogenesis, extracellular matrix remode-
ling and immunosuppression (7). In tumors, cytotoxic T lymphocytes
(CTLs), a primary effector cell in tumor elimination, are suppressed
through the actions of M2-like tumor-associated macrophages
(TAMs) (8) including depletion of extracellular arginine, which is
used by CTLs to generate cytotoxic reactive oxygen species (9), and
expression of T-cell coinhibitory molecules (10). Additionally, TAMs,
recruited by tumor cell-released colony stimulating factor (CSF)-1,
produce epidermal growth factor, which, in turn, enhances tumor cell
proliferation and survival, thereby forming a critical paracrine loop in
which TAM and tumor cells support each other’s growth and migra-
tion (11). In concordance with these actions, TAM density correlates
with poor prognosis in human breast cancer (10,12) and genetic or
pharmacological depletion of macrophages in mice delayed mam-
mary tumor progression (13).

COX-2is integral to macrophage phenotype and function. Inhibition
of COX-2 in cultured murine bone marrow cells enhanced differentia-
tion to an antigen-presenting phenotype (14) and suppressed human
monocyte to M2 macrophage differentiation (15). The role of COX-2
and its products in determining the phenotype of in vitro cultured mac-
rophages or macrophage-like cell lines has been well studied (16,17)
though the in vivo paracrine and autocrine contribution of COX-2 to
macrophage function remain ill-defined. We reported paracrine influ-
ences of tumor cell COX-2 to promote mammary tumorigenesis, in
part through modulation of TAM and T-lymphocyte function in tumors
(18,19). In this study, we investigate deletion of COX-2 in myeloid
cells, a subset of immune cells that includes macrophages, and its
effect on mammary tumorigenesis using spontaneous and ortho-
topic models of neu oncogene-induced disease. Deletion of COX-2
in myeloid cells led to reduced tumorigenesis and growth with sup-
pressed macrophage infiltration and enhanced T cells in tumors. This
was coincident with decreased CSF-1 receptor levels and reduced M2
marker expression in COX-2 deficient macrophages, suggesting that
decreased immune-suppressive M2-like TAMs may contribute to an
enhanced effector T cell response. Depletion of CD8* CTLs restored
tumor progression, suggesting that macrophage COX-2 is an impor-
tant component of suppressed CTL function in mammary tumors and
that targeted inhibition of myeloid cell COX-2 may be a useful strat-
egy to limit immune suppression in breast cancer.

Materials and methods

Mice

Mouse experiments were conducted in accordance with National Institutes of
Health regulations and were approved by the Institutional Animal Care and
Use Committee of the University of Pennsylvania.

COX-2f¥flox mice, in which introns 5 and 8 of the COX-2 gene are flanked
by loxP sites (‘flox’), have been described previously (20). COX-2¥/flx mice
were fully backcrossed onto the FVB/N background (>9 generations) and
are denoted as wild-type (WT) mice. COX-211x mice were crossed with
mice expressing Cre recombinase under the control of the LysM promoter,
which directs expression of Cre to cells of myeloid lineage (Cre™*M) (21).
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In the resultant COX-21¥oxCrelysM mjce, COX-2 is knocked out in subsets
of myeloid-derived cells, with the primary effect in macrophages and mono-
cytes (22) and are denoted myeloid-COX-2 knockout (KO). WT and myeloid-
COX-2 KO mice were crossed with mice expressing an activated rat c-neu
oncogene (Val®®-Glu) under the control of the mouse mammary tumor virus
promoter (neu™") to direct expression to mammary epithelial cells (23)
(Jackson Laboratory, Bay Harbor, MN) and are denoted WT"" or myeloid-
COX-2 KO™, as appropriate. For all experiments, Cre™*™ and neu™" were
heterozygous and genotypes were verified by PCR (18,22).

Cell lines and culture

NAF and SMF, two cell lines derived from mammary carcinomas harvested
from neu™" transgenic mice (24), were kindly provided by Dr Lewis
Chodosh (University of Pennsylvania). SMF cells were cultured in high-glu-
cose Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen) containing
10% calf serum, 0.5% L-glutamine, 1% Pen/Strep and 4 pg/ml insulin (‘SMF
medium’). NAF cells were maintained in high-glucose DMEM with 10%
fetal bovine serum (FBS), 0.5% L-glutamine and 1% Pen/Strep (‘10% FBS/
DMEM’). To make conditioned medium, SMF (6 x 107 cells in 20 ml SMF
medium) were grown for 24 h, washed twice and then incubated in serum-free
SMF medium for 24 h and conditioned medium filtered and aliquoted for use
in migration experiments (see below).

Luciferase-pcDNA3 (Addgene) plasmid was inserted into pLKO.l-puro
lentiviral plasmid vector (Sigma—Aldrich) and packaged into MISSION TRC
Lentiviral Particles (Sigma). NAF cells were transduced using MISSION
TRC Lentiviral Particles, according to manufacturer’s instructions. See
Supplementary Materials and methods, available at Carcinogenesis Online,
for additional details.

L1929 cells (American-Type Culture Collection) were maintained in 10%
FBS/DMEM as a biological source of CSF-1 for bone marrow-derived mac-
rophage (BMDM) culture (25). 1929 cells cultured to 100% confluency in
a T75 flask were split 1:5 and cell supernatants collected and stored after a
further 4 days of culture.

BMDM isolation, culture and treatments

BMDM were isolated and cultured as described (25,26). Cultured BMDM were
serum-starved for 24 h before stimulation with 5 pg/ml lipopolysaccharide
(Sigma—Aldrich), M2 polarization cocktail (20 ng/ml interleukin (IL)-4 and 10
ng/ml IL-13, Peprotech) or water as control. After 6 h or 18 h for M2-polarized
BMDM, at 37°C, supernatants were collected for eicosanoid measurement by
mass spectrometry (described below) and cells were lysed for messenger RNA
(mRNA) extraction (RNeasy Mini Kit, Qiagen) for gene expression analysis
by quantitative-PCR (Q-PCR); described below), or for protein extraction
(radio-immunopreciptiation assay buffer with protease inhibitor; Complete
Cocktail Tablet; Roche) for COX-1 and COX-2 protein quantification by liquid
chromatography/mass spectrometry in multiple reaction monitoring (MRM)
mode (described below). BMDM migration was assessed through a modified
Boyden Chamber assay. See Supplementary Materials and methods, available
at Carcinogenesis Online, for additional details.

Animal experiments

Myeloid-COX-2 KO"" and WT™" mice spontaneously develop tumors after
12 weeks, with 100% of mice tumor bearing by 32 weeks (23). For orthotopic
injection of tumor cells, SMF or NAF* tumor cells were treated with 0.25%
Trypsin (Invitrogen) for 10 min. SMF or NAF“* cells were resuspended at
1 x 107 cells/ml and injected into the left and right #4 mammary glands of
myeloid-COX-2 KO and WT mice between 8 and 14 weeks of age (100 nl/
gland; 1 x 10° cells).

For T-cell depletion experiments, mice were intraperitoneally injected with
200 pg isotype control, anti-CD4 or anti-CD8 antibodies (BioXCell) 4 days
prior to orthotopic injection of SMF cells. Mice in the CD8 depletion group
received a second 200 pg dose of anti-CD8 antibody 2 days prior to tumor cell
injection. After tumor cell injection, mice continued to receive isotype con-
trol or anti-CD4 antibody treatment once weekly, or anti-CD8 antibody twice
weekly, until the study’s conclusion. Depletion of CD4 or CD8 T cells was
confirmed by flow cytometry of erythrocyte-lysed whole blood (ACK Lysing
Buffer, Invitrogen).

Mice with transgenic neu™" expression, or orthotopic injection of tumor
cells, were palpated twice weekly and considered tumor bearing if a palpable
mass persisted for at least 1 week. Age at tumor onset, as determined by pal-
pation, were used in survival analyses. Palpable masses were measured with
calipers, with tumor volume expressed as (length x width?)/2. At necropsy,
tumors were counted and resected, then flash frozen in liquid nitrogen for
mRNA isolation, stored in Prefer (Anatech) overnight and paraffin embedded,
or digested for 2 h at 37°C in complete EpiCult-B medium containing 5%
FBS and 10% collagenase/hyalurdoninase (StemCell Technologies). RNA was
isolated from flash frozen tissue using RNeasy Mini tubes after TissueLyser
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bead-based homogenization. Digested tissue was collected and treated with
1:4 Hank’s Balanced Salt Solution (Invitrogen)/2% FBS: ammonium chloride
solution (StemCell Technologies). After one wash, the pellet was treated with
0.25% trypsin and a dispase/DNase solution, filtered and resuspended in phos-
phate-buffered saline for flow cytometric analysis.

Mice with orthotopic injection of NAF- cells were injected with 150 mg/kg
D-Luciferin (Gold Biotechnology) dissolved in Dulbecco’s phosphate-buff-
ered saline and scanned 15 min postinjection in an IVIS Lumina II (Perkin
Elmer) for detection of bioluminescence. Mice were scanned every 3 min for
21 min with data from scans with highest sensitivity (peak counts) used for
sequence analysis and normalization.

Flow cytometry

Single cell suspensions (BMDM, digested tumors or erythrocyte-lysed whole
blood) were stained using typical procedures. Cells were stained for viabil-
ity using LIVE/DEAD Fixable Aqua (Life Biotech), followed by Fc Blocking
(anti-mouse CD16/CD32, BD Pharmagen) before cell surface stain or fixation/
permeabilization (Cytofix/Cytoperm, BD Pharmagen) and intracellular stain.
Flow cytometry was performed using a 4-laser LSR II (BD Biosciences).
Compensation was performed using OneComp eBeads stained with antibod-
ies of the appropriate fluorophore. See Supplementary Materials and methods,
available at Carcinogenesis Online, for additional details and antibodies.

Quantitative-PCR

RNA isolated from BMDM or whole tumors isolated above were quanti-
fied and reverse transcribed into complementary DNA (MultiScribe Reverse
Transcriptase, Applied Biosystems) according to manufacturer’s instructions.
Q-PCR was carried out using inventoried primer/probe gene expression assays
with TagMan Universal PCR Master Mix (Applied Biosystems) for all genes
with the exception of CSF-1R, where the QuantiFast Probe Assay with 2 Step
RT-PCR Master Mix with ROX dye (Qiagen) was used. Q-PCR products were
monitored using the Viia™ 7 Real-Time PCR System (Applied Biosystems)
and data was analyzed using the 2% method of relative quantification (27)
using 18S for normalization and mixed M1/M2 polarized macrophage RNA
as a calibrator.

Mass spectrometry

Detection of eicosanoids and their associated metabolites was performed using
ultrahigh-pressure liquid chromatography/tandem mass spectrometry with
negative electrospray ionization and MRM, as described (28). Quantification
of CO proteins was performed by stable-isotope dilution liquid chromatogra-
phy/mass spectrometry in MRM mode (29). See Supplementary Materials and
methods, available at Carcinogenesis Online, for additional details.

Immunohistochemistry

Immunohistochemistry was performed using standard procedures. See
Supplementary Materials and methods, available at Carcinogenesis Online,
for additional details and antibody lists.

Statistical analysis

All significance testing was performed with non-parametric two-sample
Mann—Whitney tests or Log-rank (Mantel-Cox) tests for survival analysis.
Paired tests were performed when appropriate. Statistical analyses were per-
formed using Prism (GraphPad Software). See Supplementary Materials and
methods, available at Carcinogenesis Online, for details on power analysis and
handling of multiple testing.

Results

Confirmation of myeloid/macrophage COX-2 deletion in
myeloid-COX-2 KO mice

Myeloid-COX-2 KO mice have been previously characterized on the
C57/BL6 background. Though Cre™M is expressed in all cells of
myeloid origin (such as neutrophils, immature monocytes and certain
dendritic cells), the primary effect of the Cre™*M-mediated COX-21¥
flox deletion was previously characterized as ablation of COX-2-derived
prostaglandins in BMDM and thioglycollate-elicited peritoneal mac-
rophages, with minimal effect on isolated neutrophils and dendritic
cells (22). We first established that backcrossing to the FVB/N back-
ground, and our use of heterozygous Cre-LysM mice, led to a simi-
lar pattern of COX-2 deletion through Q-PCR and COX-2 peptide
detection. COX-2 mRNA was reduced (>90%) in BMDM treated
with lipopolysaccharide (to induce COX-2 expression; Figure 1A
Left). By liquid chromatography/mass spectrometry in MRM mode,
COX-2 peptide levels were reduced by >50% compared with WT
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Fig. 1. Selective deletion of COX-2 in myeloid-COX-2 KO mice. BMDM were stimulated with lipopolysaccharide (5 pg/ml, 6h) to induce COX-2 expression.
COX-2 was significantly reduced in myeloid-COX-2 KO compared with WT BMDM by (A) Q-PCR for mRNA (Left, n = 6) and quantification of COX-2 peptide
by liquid chromatography/mass spectrometry in MRM mode (Right, n = 5-7), whereas (B) COX-1 expression was unaltered. (C) Lipopolysaccharide-induced
PGE, synthesis in myeloid-COX-2 BMDM was abolished and PGD, markedly decreased compared with WT (n = 3—4). (D) Constitutive (no lipopolysaccharide)
COX-2 mRNA levels were not altered in kidney and brain tissue of myeloid-COX-2 KO compared with WT mice (n = 4). RQ = relative quantity. Data are mean

+ SEM. *P < 0.05, **P < 0.01, ***P < 0.001, n.s. = not significant.

(COX-2flo¥flox ysM-Cre™; Figure 1A Right) and this abolished lipopol-
ysaccharide-induced prostaglandin E2 (PGE,) generation and markedly
reduced PGD, generation (Figure 1B). COX-1 protein and mRNA lev-
els were unchanged in myeloid-COX-2 KO BMDM (Figure 1C) and
COX-2 mRNA was unchanged in myeloid-COX-2 KO brain or kid-
ney, both of which constitutively express COX-2 (Figure 1D), showing
specificity of Cre™*M-directed COX-2 deletion strategy.

Deletion of myeloid cell-COX-2 reduced neu oncogene-induced
mammary tumorigenesis

Tumor onset (as determined by detection of a palpable mammary mass
persisting for over a week) was significantly delayed, and tumor multi-
plicity (the number of mammary lesions at necropsy) reduced, in mye-
loid-COX-2 KO™" mice compared with WT"™" mice (Figure 2A and
B). Further, tumor growth, as measured by volume of the largest tumor
in each animal (Figure 2C) or by the number of weeks for the largest
tumor to reach 0.25cm? (Figure 2D), was also significantly reduced in
myeloid-COX-2 KO™" mice. Because of the knock-in strategy used,
LysM-Cre*"* mice are null for endogenous LysM (21), raising the pos-
sibility of confounding effects of lysozyme M knockout. To minimize
such confounders, we maintained myeloid-COX-2 KO mice with het-
erozygous LysM-Cre expression (i.e. COX-210¥1*/[ ysM-Cre*"), thus
retaining one native LysM allele. We further confirmed that the reduced
tumor phenotype was not simply due to deletion of one copy of endog-
enous LysM in our model. Thus, LysM-Cre* ™" mice (expressing the
native mouse COX-2 gene) did not differ from WT"" in tumor onset,
multiplicity or growth and remained significantly more diseased com-
pared with myeloid-COX-2 KO"" (Supplementary Figure S1A-C,
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available at Carcinogenesis Online). In a related model, SMF or lucif-
erase-expressing NAF (NAF™°), which are mouse mammary tumor
cell lines derived from neu oncogene transgenic spontaneous mam-
mary tumors (24), were grown as orthotopic tumors in mammary fad
pads of syngeneic immune competent host mice. Similar to the spon-
taneous model, tumor growth was depressed in host myeloid-COX-2
KO mice receiving either SMFs (Figure 2E) or NAF“* (Figure 2F),
compared with WT hosts, and also was unrelated to the deletion of one
LysM allele in myeloid-COX-2 KO host mice (Supplementary Figure
S1D, available at Carcinogenesis Online).

To explore the biology underlying reduced disease burden in mye-
loid-COX-2 KO mice, we examined indices of proliferation, apop-
tosis and angiogenesis. No differences were observed in mRNA for
caspase-3 (apoptosis) or Ki67 (proliferation) in tumor tissue from
myeloid-COX-2 KO compared with WT mice or by immunohisto-
chemical staining for activated caspase-3 or Ki67, in either the spon-
taneous (Supplementary Figure S2A-C, available at Carcinogenesis
Online) or orthotopic (Supplementary Figure S3A-C, available at
Carcinogenesis Online) model. Further, although mRNA for the angi-
ogenic factor vascular endothelial growth factor A was decreased in
spontaneous myeloid-COX-2 KO™" tumors, expression of its recep-
tor, VEGFR2, was increased and no difference in tumor vasculari-
zation was evident by anti-Von Willebrand Factor immunostaining
of tumor sections for vascular endothelium (Supplementary Figures
S2D and E, available at Carcinogenesis Online). Similarly, there was
no evidence for modified vascularization between orthotopic SMF
tumors grown in myeloid-COX-2 KO or WT hosts (Supplementary
Figures S3D and E, available at Carcinogenesis Online).
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Fig. 2. Deletion of myeloid cell COX-2 reduces tumorigenesis in neu™™" oncogene-driven spontaneous and orthotopic tumors. (A) Tumor onset was delayed

(n =20), (B) tumor multiplicity reduced (n = 19-20) and (C) tumors were smaller (n = 13-17) in myeloid-COX-2 KO mice transgenic for neu™" (myeloid-
COX-2 KO™") compared with WT" mice. (D) Myeloid-COX-2 KO™" tumors were slower to reach a volume of 0.25cm? compared with WT™ mice (n = 18-19).
(E) SMF mammary tumor cells grew significantly smaller tumors in myeloid-COX-2 KO recipient mice, compared with WT (n = 17-20). (F) NAF mammary
tumor cells, stably expressing luciferase, were evident earlier in WT, compared with myeloid-COX-2 KO, recipient mice and were sustained over a 6-week
period. (B-E) Data are mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 compared with WT.

Deletion of myeloid cell-COX-2 shifts the cellular composition of
the immune microenvironment

TAM are a key component in the tumor immune microenvironment
contributing to suppression of CTL function, thus enhancing immune
escape (30,31). We next explored how deletion of COX-2 in mye-
loid cells altered the mammary tumor immune microenvironment.
Myeloid-derived suppressor cells (MDSC; Gr-1*CD11b*), natural
killer cells (CD3"CD8*) and neutrophils (Gr-1*F4/807), each quanti-
fied as a function of total live-gated immune cells by flow cytomet-
ric analysis of whole tumors at necropsy (32), appeared unaltered in
spontaneous myeloid-COX-2 KO™" compared with WT™" tumors
(data not shown). Interestingly, an inverse relationship between TAM
(F4/80"CD11b*Gr-17) and both CD3*CD8" CTLs (Figure 3A and
B) and CD3*CD4* (encompassing Thl, Th2 and regulatory T cells,
Trecs R?=0.37, P =0.03) was evident in spontanecous WT™" but not

in myeloid-COX-2 KO"", tumors. This data suggested impaired T-cell
suppression by COX-2-deficient TAM. Concordantly, flow cyto-
metric analysis of SMF orthotopic tumors revealed increased TAM
and decreased CD3* lymphocytes in tumors from myeloid-COX-2
KO hosts compared with WT (Figure 3C and D and Supplementary
Figure S4A—C, available at Carcinogenesis Online), with no changes
in MDSCs, neutrophils or NKs (Supplementary Figure S5, avail-
able at Carcinogenesis Online). Increased tumor-associated CD3+
T lymphocytes in myeloid-COX-2 KO tumors were also evident by
immunohistochemistry (Supplementary Figure S4D, available at
Carcinogenesis Online). By flow cytometry, both CD4* and CD8*
lymphocyte subpopulations were elevated in myeloid-COX-2 KO
tumors (Figure 3E and F). There was no difference between WT or
myeloid-COX-2 KO host tumors in the relative proportion of CD4* T
cells positive for interferon y (a Th1 cytokine) or IL-4 (a Th2 cytokine;
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Figure 3G and H) and a trend toward an increase in CD3*FoxP3* cells
was non-significant (Figure 31I), indicating that no single subtype of
CD4* T lymphocyte was dominant in myeloid COX-2 KO tumors.

We considered whether increased chemoattraction of T cells could
explain increased orthotopic tumor T-cell density in myeloid-COX-2
KO host mice. However, we observed no difference in CXCL9,
CXCL10 or CCLS5 expression, three major T-cell chemoattract-
ants expressed by macrophages (33), by flow cytometry, Q-PCR or
immunostaining of TAM or BMDM (data not shown). Together these
data suggest that increased migration of T cells is not responsible for
increased T-cell density in myeloid-COX-2 KO tumors.

Chemotactic migration and phenotype is altered in COX-2-deficient
macrophages

Thus far, the data indicated that deletion of myeloid cell COX-2 modi-
fied the tumor microenvironment in favor of augmented T-lymphocyte
function. We next asked how deletion of myeloid cell COX-2 modi-
fied TAM biology. The cytokine CSF-1, acting on its receptor
CSF-1R, is essential for the proliferation, migration and maturation of
macrophages (34) and drives a critical protumor macrophage—tumor
cell paracrine loop (11). We investigated whether CSF-1/CSF-1R
contributed to reduced orthotopic TAM density in myeloid-COX-2
KO host mice. Compared with WT cells, naive myeloid-COX-2 KO
BMDM displayed significantly decreased CSF-1R by Q-PCR for
mRNA (Figure 4A) and by flow cytometry for cell surface expression
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(Figure 4B). Further, although in vitro cell growth was comparable
(data not shown), dose-dependent migration of myeloid-COX-2 KO
BMDM toward recombinant CSF-1 was abolished compared with
WT cells (Figure 4D), suggesting that reduced CSF-1-dependent
migration may contribute to lower TAM density in orthotopic tumors
grown in myeloid-COX-2 KO hosts. Consistent with this notion, sup-
pressed migration of myeloid-COX-2 KO BMDM toward SMF tumor
cell-conditioned medium was evident and reproduced in WT BMDM
experiments by pretreatment of conditioned medium with a CSF-1
neutralizing antibody (Figure 4E). Thus, impaired migration of mye-
loid-COX-2 KO BMDM towards conditioned medium appeared due
to a reduced response to tumor-derived CSF-1. Interestingly, CSF-1R
surface expression was not different between TAM harvested from
myeloid-COX-2 KO and WT host mice (Figure 4C). Similarly, when
WT and myeloid-COX-2 KO BMDM that were first polarized in vitro
to the TAM-like M2 phenotype, suppressed CSF-1R expression in
WT cells equalized the genotypes (Figure 4A). Thus, macrophage
COX-2 appears more relevant to regulation of CSF-1R expression
and function in macrophages prior to their ‘education’ in the tumor
microenvironment.

Macrophage phenotype plays an important role in determining
T-cell phenotype. M2-like macrophages, which characteristically
express high levels of the enzyme arginase-1, promote T-cell anergy
through extracellular arginine depletion (9,14) and through upregula-
tion of T-cell coinhibitory molecules (35,36). We examined whether
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##P < 0.01, n.s. = not significant.
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TAM phenotype was altered in myeloid-COX-2 KO host tumors.
Gene expression analysis of whole tumors indicated reduced expres-
sion of M2 marker arginase-1, the M2-associated cytokine IL-10 and
the proinflammatory M1 markers iNOS, CD86 and IL-6 in myeloid-
COX-2 KO host tumors (Figure 5A), consistent with the lower number
of TAMs in myeloid-COX-2 KO tumors. Within the TAM popula-
tion, flow cytometric analysis indicated that, beyond the lower TAM
density in myeloid-COX-2 KO tumors (see Figure 3C), intracellular
expression of arginase-1, and another M2 marker CD206, was signifi-
cantly reduced in TAM from myeloid-COX-2 KO compared with WT
hosts (Figure 5B). Further, suppressed arginase-1 and CD206 levels
were also evident by flow cytometry of TAM from spontaneous mye-
loid-COX-2 KO™" tumors compared with WT™" (Figure 5C). These
data suggest an autocrine function of macrophage COX-2 in promot-
ing an M2 TAM phenotype. Flow cytometry of TAM for CD86, iNOS
and tumor necrosis factor o did not reveal any difference between
WT and myeloid-COX-2 KO in either spontaneous (data not shown)
or orthotopic models (Figure 5B), suggesting no contribution of mac-
rophage COX-2 to M1 TAM phenotype in this disease model. Taken
together, these data suggest reduced immunosuppressive function of
COX-2-deficient TAM, consistent with the lower levels of T-cell sup-
pression in myeloid-COX-2 KO tumors from both models.

Depletion of CD8* T cell restores mammary tumor progression in
myeloid-COX-2 KO hosts

As both CD4* and CD8* T cells were positively impacted by deletion
of myeloid cell COX-2, we sought to determine the contribution of
each T-cell subset to reduced mammary tumor growth in myeloid-
COX-2 KO mice. We employed antibody-mediated CD4* and CD8*

T-cell depletion to investigate how each subset individually contrib-
uted to orthotopic tumor growth in myeloid-COX-2 KO and WT host
mice. Whole blood, after red blood cell lysis, was used to confirm
selective depletion of CD4* or CD8* T cells (Figure 6A). Depletion
of CD4* T cells did not significantly alter tumor growth in either
WT or myeloid-COX-2 KO hosts compared with isotype control-
treated mice (Figure 6B). In marked contrast, depletion of CD8" T
cells restored growth of orthotopic mammary tumors in myeloid-
COX-2 KO mice close to levels seen in WT host mice (Figure 6C).
These data strongly implicate CD8* CTLs, but not CD4* T cells, as
the T-lymphocyte population responsible for reduced tumor growth
in myeloid-COX-2 KO mice. Thus, decreased total and M2-like
immunosuppressive TAMs in myeloid-COX-2 KO mice probably
reverse suppression of tumoricidal CTLs, reducing tumorigenesis
and growth.

Discussion

The marked increase in our understanding of how stromal cells regu-
late tumor progression has focused attention on therapeutic modu-
lation of the tumor microenvironment (37). Immune surveillance
suppresses tumor growth through the cytolytic actions of CTLs and
natural killer cells, as well as reactive oxygen species generation by
M1 macrophages promoting apoptosis (7). However, reeducation of
immune cells by tumors results in immunosuppression encouraging
tumor growth. Significant efforts are now being placed on modulating
the tumor immune microenvironment to promote immune destruction
of tumor cells (36,38), emphasizing the need to define appropriate
molecular targets in the tumor microenvironment.
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Despite consensus that interruption of COX-2 function reduces
tumorigenesis in animal models of breast cancer (4,5,18,19) and
reduces risk in human breast and other cancers (3), an established
cardiovascular (CV) hazard associated with selective COX-2 inhibi-
tors (39) severely limits their clinical use. This hazard arises because
in addition to the desired inhibition of COX-2 in the tumor, unwanted
collateral loss of vascular endothelial COX-2 reduces biosynthesis of
prostacyclin, an antithrombotic CV protective agent (39). By avoiding
loss of vascular COX-2-derived prostacyclin, specifically targeting
COX-2 inhibition to protumor cells may reduce the CV hazard while
providing the desired antitumor outcome. Most studies of COX-2 in
cancer have focused on global inhibition of COX-2, or on COX-2 in
the tumor cells themselves, as a therapeutic target (5,18,19). To the
best of our knowledge, ours is the first study to specifically investigate
myeloid cell COX-2 deletion in tumorigenesis.

Deletion of myeloid COX-2 substantially reduced mammary tumo-
rigenesis and growth in spontaneous and orthotopic models of neu
oncogene-induced breast cancer. Surprisingly, despite this robust
phenotype, we observed no difference in markers of apoptosis or
proliferation between myeloid-COX-2 KO and WT tumors in tumors
from either model. Further, although both COX-2 and TAM have been
independently implicated in supporting tumor angiogenesis (4,13,19),
vascularization of WT and myeloid-COX-2 KO tumors was not mark-
edly altered. However, we did observe a substantial change in the
composition of the tumor microenvironment such that the inverse
relationship between TAM and T cells in WT tumors, which reflects
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the established immunosuppressive functions of TAM (30,40), was
offset in myeloid-COX-2 KO mice. This was particularly evident
in orthotopic tumors from myeloid-COX-2 KO host mice, where
reduced TAM density was mirrored by increased tumor infiltrating
T lymphocytes.

Two functional changes in COX-2-deficient macrophages may con-
tribute to this antitumor microenvironmental shift. First, expression
of CSF-1R, the receptor for CSF-1 was reduced in COX-2-deficient
BMDM. CSF-1, a primary regulator of tissue macrophages and a key
component for macrophage recruitment to tumors, is strongly linked
with tumor progression and poor outcome in breast cancer (10,41).
Further, a critical paracrine loop exists in which tumor cell production
of CSF-1 recruits macrophages and encourages their growth, whereas
macrophages in turn produce epidermal growth factor, further pro-
moting tumor cell growth (11). We determined a marked disruption
of CSF-1 chemokine function that abolished migration of myeloid-
COX-2 KO BMDM toward CSF-1 or mammary tumor cell-condi-
tioned medium. It is likely, therefore, that reduced TAM density in
the orthotopic myeloid-COX-2 KO tumors results from their reduced
chemotactic movement into tumors. Within the tumor microenvi-
ronment, however, CSF-1R expression on WT and myeloid-COX-2
KO TAM normalized, suggesting distinct regulation of macrophage
CSF-I1R in response to extratumoral and intratumoral influences.

Second, the immunosuppressive phenotype that is characteristic
of TAM and central to their protumorigenic functions (30,42) was
blunted in COX-2-deficient macrophages. TAMs, which augment
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immunosuppression through arginine depletion and expression of
coinhibitory molecules leading to T-cell anergy (10), resemble M2
macrophages (14), markers of which were reduced in myeloid-COX-2
KO tumors by mRNA and flow cytometry. The mechanism through
which COX-2 deficiency reduced ‘M2-ness’ of TAM is not clear
and may involve both paracrine and autocrine influences of COX-2-
derived products. A role for paracrine COX-2 products in promoting
tumor-induced M2 polarization, and associated tumorigenesis, has
been reported (18,43). In addition, pharmacological inhibition of
COX-2 in bone marrow cells enhanced differentiation toward an M1
phenotype (14) and blocked polarization to an M2 phenotype (15),
suggesting an autocrine COX-2 influence on macrophage phenotype.
Supporting this concept, interference with NFkB signaling, which is
established to induce COX-2 expression (44,45), in adoptively trans-
ferred BMDM or TAM led to suppressed M2-like phenotype with
coincident reduction in tumor growth of an ovarian tumor cell line
(46). Likewise, deletion of the NFkB p50 subunit led to an enhanced
M1-like TAM phenotype and a reduced growth of a transplanted sar-
coma cell line (40). Further, given reports that CSF-1 induces M2
phenotypic marker expression in BMDM (47,48), it may be that the
two phenomena we defined in myeloid-COX-2 KO mice, reduced
macrophage CSF-1R expression and reduced M2 mammary TAM
polarization, are functionally linked.

TAM can suppress T cells through STAT1 signaling and associated
induction of arginase-1 (49). Concordantly, in myeloid-COX-2 KO
tumors, reduced M2-like TAMs was accompanied by an increase in

the proportion of T cells, restoring immune surveillance and reducing
tumor growth. Importantly, the internal consistency of reduced TAM
immune-suppressive phenotype in both orthotopic and spontaneous
models supports the conclusion that myeloid cell COX-2 plays a cen-
tral role in TAM-mediated support of tumor growth.

Cre"M-mediated excision of COX-2"¥°% primarily impacts prosta-
glandin production by macrophages (22), the major focus of our study.
However, multiple cell types of myeloid origin express Cre™*M, includ-
ing MDSCs and granulocytes, such as neutrophils, and the potential
contribution of these cell populations should not be discounted. Of
particular importance are MDSCs, which express both arginase-1 and
iNOS, may contribute to suppression of T cells resulting in reduced
tumor immunosurveillance (16), and tumor-associated neutrophils
(TAN), which suppresses activation of CD8* T cells(50). Indeed, PGE,
enhanced bone marrow cell differentiation in MDSCs (51) and knock-
out of PGE, receptor EP2 reduced MDSC tumor infiltration in a xeno-
graft model of mammary tumorigenesis (51). Though COX-2 in TAN is
not well studied, there is evidence in other disease models that COX-2
inhibition may impact migration of neutrophils (52) and that COX-2
expression is correlated with expression of certain neutrophil markers
(53). Similar to TAM, protumorigenic and antitumorigenic phenotypes
are associated with TAN (50) although a role for COX-2 in TAN differ-
entiation remains unexplored. In our study, although the proportion of
MDSCs and neutrophils in the spontaneous or orthotopic models were
unaffected by myeloid cell COX-2 deletion, it remains possible that loss
of COX-2 in these cells may contribute to reduced tumorigenesis.
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As with other immune cells, the specific subtype of the T cell defines
its contribution to tumor progression, with Th1l and CTLs performing
antitumor functions, whereas Th2 and Typg supporting tumor growth
(10). Since all subpopulations of T cells appeared elevated in myeloid-
COX-2 KO tumors, it was unclear to what extent helper or effector T
cells contributed to reduced tumor growth. In human breast tumors,
high CTL density is associated with increased survival (10), leading
us to speculate that reduced tumor growth results from the increase
in CD8* tumor infiltrating CTLs. Indeed, depletion of CD8" cells in
myeloid-COX-2 KO host mice restored orthotopic tumor growth to WT
levels, at least through the first 2.5 weeks postinjection, indicating that
CTLs are the dominant T-cell subset reducing mammary tumorigenesis.
In contrast, there was no impact of CD4* T-cell depletion in either WT
or myeloid-COX-2 KO host mice, probably because equivalent offset
of both tumor suppressing Thl cells and tumor-promoting Th2 cells
negates any effect on tumor growth. Interestingly, as tumors continued
to grow beyond 2.5 weeks in CD8*-depleted mice, a modest antitumo-
rigenic influence of myeloid cell COX-2 deletion emerged suggesting
that, although CD8* CTLs are a major driver in reduced tumorigenesis
in myeloid-COX-2 KO mice, additional mechanisms may contribute
to reduced disease. These mechanisms may include reduced M2 effec-
tor functions of myeloid-COX-2 KO TAMs, such as the formation of
tumor-promoting L-arginine metabolites, or a loss of myeloid cell-
derived paracrine COX-2 products, like PGE,, driving cancer signaling
pathways, such as transactivation of epidermal growth factor receptor
(54,55) or overexpression of antiapoptotic Bcl-2 (56).

Recently, we reported a similar suppression of mammary tumo-
rigenesis in mice lacking COX-2 specifically in mammary epithelial
cells (MEC-COX-2 KO), with, in addition to reduced angiogenesis, a
similar shift toward increased CD8* T-cell function (18,19). Positive
feedback control of COX-2 expression by COX-2-derived PGE, in
tumors has been reported (57), raising the possibility that deletion of
myeloid cell COX-2 disrupts tumor cell COX-2 expression, leading
indirectly to the phenotype we observed in myeloid-COX-2 KO mice.
We were unable to define by immunohistochemistry cell-specific
COX-2 expression in WT and myeloid-COX-2 KO mammary tumor
sections; however, the clear distinctions between our studies in epi-
thelial or myeloid specific COX-2 KO models argues for independ-
ent functions of COX-2 in mammary epithelium and myeloid cells.
Thus, in MEC-COX-2 KO mice, enhanced CD8" T-cell function was
attributable to increased tumor expression of the T-cell chemokine
CXCL9 and reduced tumor cell expression of the T-cell-suppressive
programmed cell death-1 ligand 1 (PD-L1) (19). In contrast, neither
PD-L1 (data not shown) nor T-cell chemoattractant molecules were
modified in myeloid-COX-2 KO tumors, where instead reduced
CSF-1R expression/macrophage infiltration and reduced TAM immu-
nosuppressive function appear to be the dominant antitumorigenic
effects. It appears therefore that, although both tumor cell and mye-
loid cell COX-2 can promote mammary tumorigenesis and regulate
tumor immunity, there are distinct autocrine and paracrine functions
of COX-2 in the two tumor components.

Given that CTL activity is typically attributed to induction of
apoptosis through caspase-dependent mechanisms, it is, perhaps, sur-
prising that caspase 3 expression in orthotopic and spontaneous mye-
loid-COX-2 KO tumors was unchanged compared with WT. It may be
that, since detection of caspase 3 expression in whole tumors does not
discriminate between cell populations, divergent changes in expres-
sion were occurring—for example in myeloid-COX-2 KO mice tumor
cell caspase 3 may be elevated because of CTL-dependent apoptosis,
whereas in WT mice, immunosuppressive macrophages may induce
T-cell apoptosis (58,59). Alternatively, CTL-mediated perforin-gran-
zyme A and granzyme B pathways can cause apoptosis through DNA
damage without activating caspase pathways (60,61).

It is increasingly evident that a supportive tumor microenvironment
is essential for tumor progression toward malignancy. Suppression of
effector T-cell function can establish an area of immune privilege in
which the tumor cells do not become exposed to tumoricidal T cells in
vivo (62). In concordance, a stromal signature that is high in TAM and
low in CTLs has been proposed as indicator of poor prognosis in human
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breast cancer (63). Indeed, depletion of macrophages through Csf*’/
Csf° mice, or treatment with liposome-encapsulated clondronate, led
to a delayed histological progression to malignancy in a spontane-
ous mammary tumor model (13,64,65). Similarly, in other cancers,
depletion of macrophages, or interference of CSF-1 signaling, led to
reduced tumor growth, reduced metastasis and even induced tumor
regression (66—68). We propose that targeted inhibition of COX-2 in
myeloid cells may provide an approach to overcome immune privi-
lege and enhance tumor immune surveillance. Macrophages are a
tractable target for nanotherapeutic delivery (69,70) of COX-2 inhibi-
tors or small interfering RNA that may allow for the antitumor ben-
efit without the side effects of systemic COX-2 inhibition. Indeed, in
contrast to global COX-2 KO or systemic pharmacological COX-2
inhibition, deletion of myeloid cell COX-2 in mice did not lead to
increased thrombotic responses and actually reduced atherogenesis in
hyperlipidemic mice (22), arguing for the CV safety of targeting mac-
rophage COX-2 in cancer and other pathophysiologies.

Supplementary material

Supplementary Materials and methods and Supplementary Figures
1-5 can be found at http://carcin.oxfordjournals.org/
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