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SUMMARY

We investigate crosstalk between cancer cells and
stromal myeloid cells. We find that Lewis lung carci-
noma cells significantly induce PPARb/d activity in
myeloid cells in vitro and in vivo.Myeloid cell-specific
knockout of PPARb/d results in impaired growth of
implanted tumors, and this is restored by adoptive
transfer of wild-type myeloid cells. We find that
IL-10 is a downstream effector of PPARb/d and facil-
itates tumor cell invasion and angiogenesis. This
observation is supported by the finding that the
CD11blowIL-10+ pro-tumoral myeloid cell is scarcely
detected in tumors from myeloid-cell-specific
PPARb/d knockout mice, where vessel densities
are also decreased. Fatty acid synthase (FASN) is
shown to be an upstream regulator of PPARb/d in
myeloid cells and is induced by M-CSF secreted
from tumor cells. Our study gives insight into how
cancer cells influence myeloid stromal cells to get a
pro-tumoral phenotype.
INTRODUCTION

Tumor-infiltrating myeloid cells are involved in tumor develop-

ment, progression, and resistance to conventional treatment

(Biswas and Mantovani, 2010; Karin et al., 2006; Mantovani

et al., 2008; Pollard, 2009) through various mechanisms

including mutagenesis, angiogenesis, lymphangiogenesis (Mur-

doch et al., 2008), suppression of adaptive immunity (Kuang
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et al., 2009), remodeling of the extracellular matrix, and invasion

and metastasis of tumor cells (Lin et al., 2001, 2006). The molec-

ular regulators that determine the diverse pro-tumoral pheno-

types of tumor myeloid cells can be an excellent target of a novel

anti-cancer therapy. However, themolecular determinants of the

diverse pro-tumoral phenotypes in tumor microenvironment

have been incompletely understood, though there are several

candidates such as NF-kappaB (Hagemann et al., 2008),

STAT3 (Kujawski et al., 2008), c-Myc (Pello et al., 2012), and

Notch (Wang et al., 2010), mostly for immunosuppressive phe-

notypes of myeloid cells.

Nuclear receptor peroxisome-proliferator-activated receptor-

beta/delta (PPARb/d), a key metabolic transcription factor, plays

a crucial role in tumorigenesis and tumor progression. However,

it is still debated whether PPARb/d is pro-tumoral or anti-tumoral

(Peters and Gonzalez, 2009; Zuo et al., 2009). Prior work has pri-

marily focused on the role of PPARb/d in the malignant cells

themselves and not in the tumor stromal cells. Recent two

reports suggested that PPARb/d might be the key regulator of

tumor angiogenesis (Abdollahi et al., 2007; Müller-Brüsselbach

et al., 2007). However, the detailed mechanism of PPARb/d-

dependent tumor angiogenesis has not been elucidated.

Tumor-infiltrating myeloid cells have been reported to be most

significant cells among the multiple stromal cell types in solid

tumors for fostering tumor angiogenesis (Condeelis and Pollard,

2006). Activation of PPARb/d regulates anti-inflammatory phe-

notypes of myeloid cells in other biological contexts such as in

atherosclerosis and obesity (Han et al., 2008; Kang et al.,

2008; Lee et al., 2003; Odegaard et al., 2008). Thus, we hypoth-

esized that PPARb/d activation in myeloid cells of tumor micro-

environment would promote its pro-tumoral function to facilitate

tumor invasion and angiogenesis.
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Figure 1. Activation of PPARb/d in Myeloid Cells by Lewis Lung Carcinoma

(A) IF staining of tumor tissue from C57BL/6mice. Blue, nucleus; green, CD11b+myeloid cells; green arrow, myeloid cell nucleus; magenta, PPARb/d; red, CD31+

endothelial cells; red arrow, endothelial cell nucleus; white broken line, capillary wall; scale bars, 10 mm.

(B) PPARb/dmRNA expression in endothelial cells (ECs) and myeloid cells (MCs) from LLC tumor (TEC and TMC) and normal lung tissue (LEC and LMC; n = 6).

Error bars represent SEM.

(C) ADRP mRNA expression in ECs and MCs from LLC tumor and normal lung tissue (n = 6). Error bars, SEM.

(D) Effect of LCM on PPARb/d activation in MC assessed by trans-activation assay (n = 3). PPARb/d ligand binds with ligand-binding domain (LBD) and activates

GAL4 DNA-binding domain (DBD), which results in luciferase expression. RLU, relative light units. Error bars, SEM.

(E) Effect of LCM on PPARb/d mRNA expression in MCs as determined by real-time PCR (n = 8). Error bars, SEM.

(F) Effect of LCM on PPARb/d binding at arginase I promoter in MCs as determined by ChiP assay. Representative figure of three independent experiments.

See also Figure S1.
RESULTS

Cancer Cells Activate PPARb/d in Tumor Myeloid Cells
In mouse model of Lewis lung carcinoma (LLC), PPARb/d was

substantially expressed in CD11b+ tumor myeloid cells as well

as in malignant cells themselves, whereas it was marginally ex-

pressed in CD31+ tumor endothelial cells (Figure 1A). Myeloid

cells also in other various human cancer tissues showed

PPARb/d expression, whereas CD31+ endothelial cells rarely ex-

pressed it (Figures S1A–S1H). To quantify this observation and to

evaluate the activity of PPARb/d, we measured the expression

and activity of PPARb/d in myeloid cells and endothelial cells iso-

lated from tumors and normal lung tissue (Figures S1I and S1J).

The expression of PPARb/d in myeloid cells was higher than that

of endothelial cells. Its expression in myeloid cells was different

depending on tissue, lower in lung cancer than in normal lung

(Figure 1B). However, the activity of PPARb/d or expression of

ADRP was remarkably higher in tumor myeloid cells than in

myeloid cells from normal tissue (Figure 1C). Interesting finding
Cell
was discrepancy of expression amount versus activity of

PPARb/d between myeloid cells in lung cancer versus normal

lung (Figures 1B and 1C): lower expression amount and higher

activity of PPARb/d in myeloid cells of lung cancer than ones of

normal lung. To identify the mechanism, we tested the effect of

conditioned media of LLC cells (LCM) on PPARb/d activation in

myeloid cells (Raw 264.7) using PPARb/d trans-activation assay.

LCM-treated myeloid cells significantly increased PPARb/d

trans-activation (Figure 1D). Chromatin immuno-precipitation

assay showed increased binding of PPARb/d to the promoter

of arginase I, a representative marker of myeloid cell activation,

whereas expression of PPARb/d itself was not changed by LCM

treatment (Figures 1E and 1F).

The Role of PPARb/d in Myeloid Cell for Tumor Growth
and Angiogenesis
Because prior report suggested that myeloid cells comprise

most of the tumor infiltrates that derived from the bone marrow

(BM) (Ahn and Brown, 2008), we introduced BM transplantation
Reports 10, 1614–1625, March 10, 2015 ª2015 The Authors 1615



Figure 2. The Role of PPARb/d in MCs for Tumor Growth and Angiogenesis

(A) LLC tumor volume growth in PPARb/d WT and KO BMT mice (n = 8 or 9 in each group). Error bars, SEM.

(B) LLC tumor weight in PPARb/d WT and KO BMT mice at 2 weeks after implantation (n = 8 or 9 in each group). Error bars, SEM.

(C) LLC tumor growth in mice receiving BMT from PPARb/d WT or KO mice with adoptive transfer of BMDMs from PPARb/d WT or KO mice (n = 4 or 5 in each

group). KOBM, PPARb/d KO BMT mice; KOMC, adoptive transfer of PPARb/d KO BMDMs; WTBM, PPARb/d WT BMT mice; WTMC, adoptive transfer of

PPARb/d WT BMDMs. Error bars, SEM.

(D) LLC tumor weight in PPARb/d WT and KO BMT mice with adoptive transfer of PPARb/d WT or KO BMDMs (n = 4 or 5 in each group). Error bars, SEM.

(E) Proportion of necrotic area in tumors of mice receiving BMT from PPARb/dWT or KO mice. Representative figures of H&E staining of the tumors. N indicates

necrotic area. The scale bar represents 1 mm (n = 3 or 4). Error bars, SEM.

(F) CVDs of tumors in mice receiving BMT from PPARb/d WT or KO mice. CVDs were determined as the area of CD31 positive per total area (%). The scale bar

represents 100 mm (n = 8 in each group). Error bars, SEM.
(BMT)model using PPARb/d knockout (KO) or wild-type (WT) BM

to test the specific effect of PPARb/d activation in myeloid cells.

LLC tumor growth was significantly attenuated in mice trans-

planted with BM from PPARb/d KO mice. Tumor volumes in

mice receiving BMT from PPARb/d WT or KO mice were

229.45 ± 27.93 mm3 versus 107.94 ± 20.44 mm3 (p = 0.0010)

at day 14, and tumor weights were 122.2 ± 18.2 mg versus

45.0 ± 10.2 mg (p = 0.0028) at day 14 (Figures 2A and 2B). Our

result suggests that PPARb/d in myeloid cells is critical in tumor

progression. To validate this observation, we performed a

reverse experiment by transferring BM-derived myeloid cells

(BMDMs) of PPARb/d WT or KO mice into mice receiving BMT

from PPARb/d KO or WT mice along with LLC implantation.

Tumors in mice receiving BMT from PPARb/d WT mice showed

almost the same tumor volume and weight, regardless of the

type of the transferred macrophages (WT BMT mice with ‘‘WT

BMDMs’’ 213.14 ± 17.57 mm3 and 110.0 ± 5.7 mg versus WT

BMT mice with ‘‘KO BMDMs’’ 195.93 ± 7.25 mm3 and 120.0 ±

8.6 mg at day 14; Figures 2C and 2D). On the other hand, the

tumor growth in mice receiving BMT from PPARb/d KO mice re-

mained poor, even after the adoptive transfer of BMDMs from

PPARb/d KO mice (114.19 ± 18.68 mm3 and 72.5 ± 8.5 mg at

day 14; p < 0.01), whereas the attenuated tumor growth in

mice receiving BMT from PPARb/d KO mice was fully reversed
1616 Cell Reports 10, 1614–1625, March 10, 2015 ª2015 The Author
by the adoptive transfer of BMDMs from PPARb/d WT mice

(203.35 ± 23.50 mm3 and 127.5 ± 9.5 mg at day 14; Figures 2C

and 2D). In addition, it appeared that retarded growth of tumor

was associated with broader necrosis in the tumor. The tumor

of poor growth in mice receiving BMT from PPARb/d KO mice

showed larger areas of necrosis in the tumors than those in

mice receiving BMT from PPARb/d WT mice (KO BMT mice

47.61% ± 1.19% versus WT BMT mice 35.14% ± 2.30%;

p = 0.0034; Figure 2E). Capillary vessel density (CVD) was also

significantly lower in tumor of mice receiving BM from PPARb/d

KO mice than in those of mice receiving BM from PPARb/d WT

mice (CVD in KO BMT tumor 1.15% ± 0.17% versus WT BMT

tumor 2.42% ± 0.22%; p = 0.0004; Figure 2F). This observation

supports our hypothesis that PPARb/d in tumormyeloid cells has

a key role in tumor growth and angiogenesis.

PPARb/d Induces Pro-tumoral Phenotype in Tumor
Myeloid Cells
To address how PPARb/d controls tumor myeloid cells to stimu-

late tumor growth and angiogenesis, we evaluated the survival,

infiltration, and phenotype changes of myeloid cells in tumor

microenvironment. In vitro results demonstrated that, when

treated with LCM, BMDMs from PPARb/d WT or KO mice did

not exhibit any difference in survival (Figure 3A). Also, the
s



Figure 3. Induction of Pro-tumoral Phenotype in MC by PPARb/d

(A) Comparison of PPARb/dWT and KOMC survival in vitro. Percentage of viable or apoptotic MC percentage was determined by annexin V/7-AAC staining and

FACS analysis. n.s. indicates no significance (n = 4 or 5). Error bars, SEM.

(B) Comparison of PPARb/d WT and KO MC infiltration capacity in vitro. MC infiltration capacity was evaluated by transwell migration assay. n.s. indicates no

significance (n = 5). Error bars, SEM.

(C) Effect of PPARb/d deficiency on expression of pro-tumoral and anti-tumoral factors in MCs treated with serum-free media (SFM) or LLC-cell-conditioned

media (LCM). The mRNA expressions of arginase I, IL-10, IL-12p35, VEGF-A, MMP-9, TGF-b, and EGF were determined by real-time PCR (n = 7 for arginase I,

IL-10, VEGF-A, and MMP-9; n = 4 for TGF-b and EGF; and n = 11 for IL-12p35). Error bars, SEM.

(D) Distribution and density of CD11blowIL-10+ pro-tumoral MCs in tumor tissues of mice receiving BMT from PPARb/dWT or KOmice. Histological sections were

stained with antibodies against CD11b (green) and IL-10 (red). N indicates necrotic area. The scale bars represent 500 mm for the upper line and 50 mm for the

lower line (n = 8 in each group). CD11blowIL-10+ cells were quantified from FACS analysis of tumors and determined as the percentage of CD11blowIL-10+ cells

from total CD11b+ MCs; * indicates p < 0.05; n = 8 in each group from two independent experiment. Error bars, SEM.

See also Figure S2 and Table S1.
infiltrative capacity of BMDMs toward LLC cells was not affected

by PPARb/d deficiency (Figure 3B). However, expression of pro-

tumoral factors such as arginase I and IL-10 was significantly

attenuated in BMDMs of PPARb/d KO mice compared with

BMDMs of PPARb/dWTmice (Figure 3C). Conversely, an impor-

tant anti-tumoral and anti-angiogenic cytokine, IL-12 was higher

in BMDMs of PPARb/d KO mice than in those of PPARb/d WT

mice. Instead, PPARb/d deficiency did not affect other well-

known pro-tumoral factors such as MMP-9, VEGF-A, TGF-b,

and EGF (Figure 3C). NOS2 was similarly produced in WT and

KO BMDM (Figure S2). This implies that PPARb/d activation in-

duces pro-tumoral phenotype in myeloid cells. These findings

were also validated in the tumor tissues of our BMTmodel. There

were two distinct types of CD11b+ myeloid cells in the tumor

stroma: CD11blowIL-10+ cells andCD11bhighIL-10� cells (Figures

S3A–S3C). CD11blowIL-10+ cells or pro-tumoral myeloid cells
Cell
(Mantovani and Locati, 2009; Mantovani et al., 2002) were

more abundant in tumors from PPARb/d WT BMT mice

compared with those from PPARb/d KO BMT mice (Figure 3D).

In the tumors fromPPARb/dWTBMTmice, most of CD11b+ cells

were CD11blowIL-10+ and they were evenly distributed across

the whole tumor tissue without necrosis. In contrast, in the

tumors from PPARb/d KOBMTmice, there were a larger number

of CD11bhighIL-10� cells, which were mostly placed in the

necrotic tissue (Figures S3D–S3F). These in vivo results are high-

ly consistent with the in vitro observations and support the

conclusion that PPARb/d is a key determinant of pro-tumoral

phenotype in myeloid cells of tumor. To further characterize

the identity of tumor myeloid cells, we performed FACS analysis

for lineage markers of CD11blowIL-10+ cells and found that the

cells are F4/80+GR-1�Ly6G� tumor-associated macrophages

(Figures 4A and 4B). As IL-10 and arginase I represent M2
Reports 10, 1614–1625, March 10, 2015 ª2015 The Authors 1617



Figure 4. Characterization of IL-10-Producing Tumor MCs

LLC were implanted to wild-type C57 mice. After 2 weeks, the tumors were FACS analyzed for characterization of IL-10-producing tumor MCs.

(A) CD11blowIL-10+ cells were analyzed for lineage markers: GR-1, F4/80, CD11c, Ly6C, and Ly6G (black histogram). The expressions of lineage markers were

compared to CD11bhighIL-10� counterpart (gray histogram). Representative result of n = 8 in three independent experiments.

(B) The red-colored histogram represents IL-10 expression of the total CD11b+ MCs. The expression of IL-10 in the marker-positive myeloid population (black

histogram) is compared to the expression of IL-10 in the marker-negativemyeloid population (gray histogram). Representative result of n = 8 in three independent

experiments.

(C) Tumor cells were co-stained with IL-10, CD11b, F4/80, and CD206. IL-10 expression (histogram) of the leukocyte gate (top), CD11b+ tumor myeloid gate

(second row), CD11b+F4/80+ tumor-associated macrophage (TAM) (third row) gate and the CD11b+F4/80+CD206+ M2-activated TAMs are depicted. Repre-

sentative result of n = 6 in two independent experiments.

See also Figures S3 and S4.
phenotype of macrophages, we checked additional surface

marker of macrophages and found that CD206+ M2-activated

TAMs represented population with the highest IL-10 expression

(Figures 4C and S4A). Those CD206+ M2-activated TAMs were

mainly located at the non-necrotic area of the LLC tumor and

showed increased PPARb/d expression (Figures S4B and

S4C). Proportion of the M2-activated TAMs was significantly

smaller in tumors of the PPARb/d KO BMT mice (Figure S4D).

PPARb/d Activation in Myeloid Cells Stimulates Cancer
Cell Invasion and Angiogenesis in IL-10-Dependent
Manner
Then, how does the phenotype of myeloid cells, represented as

overexpression of IL-10 by PPARb/d (Figure S5), affect tumor

cells and tumor angiogenesis? We further evaluated the effect

of PPARb/d activation and IL-10 upregulation on tumor cell sur-
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vival, invasion, and angiogenesis in vitro. PPARb/d deficiency in

BMDMs had no effect on tumor cell apoptosis or survival in

co-culture experiment (Figure 5A) but significantly suppressed

the tumor cell migration through collagen gel, compared with

PPARb/dWT BMDMs (Figure 5B). Supplementation of recombi-

nant IL-10 recovered tumor cell invasion that was attenuated by

co-culture with PPARb/d KO BMDMs, whereas neutralization of

IL-10 distinctively blocked tumor cell invasion augmented by

co-culture with WT BMDMs (Figure 5C).

In the in vitro assay for tube formation and migration of endo-

thelial cells by co-culture supernatant of tumor cells and BMDMs

from either PPARb/d WT or KO mice, the angiogenic capacity

was significantly decreased in the supernatant from co-culture

of PPARb/d KO BMDMs and tumor cells, compared with the su-

pernatant from PPARb/d WT BMDMs co-cultured with tumor

cells. The retarded angiogenic effect of PPARb/d KO myeloid
s



Figure 5. The Mechanism of Pro-tumoral MCs to Enhance Tumor Cell Invasion and Angiogenesis

(A) Effect of myeloid-cell-specific PPARb/d on tumor cell survival. Percentage of viable or apoptotic MC percentage was determined by annexin V/7-AAC staining

and FACS analysis. n.s. indicates no significance (n = 4). Error bars, SEM.

(B) Effect of myeloid-cell-specific PPARb/d on tumor cell invasion. Tumor cell invasion capacity was evaluated by collagen gel invasion assay as described in

schematic illustration. Green cell indicates GFP-tagged 3LL tumor cells, and red cell indicates PKH-Red-tagged BMDMs. The scale bar represents 50 mm (n = 3).

Error bars, SEM.

(C) IL-10-mediated effect of myeloid-cell-specific PPARb/d on tumor cell invasion. Abs indicates antibodies. Green cell indicates 3LL tumor cells (GFP tagged),

and red cell indicates PKH-Red-tagged BMDMs. Ve indicates control IgG or vehicle. The scale bar represents 50 mm (n = 3 or 4). Error bars, SEM.

(D) IL-10-mediated effect of myeloid-cell-specific PPARb/d on EC tube formation and migration. EC tube formation in Matrigel was determined by total tube

length (mm) or complete tube counts per area (/mm2). EC migration function was tested by scratch-wound assay, and migration potential was determined by

average of migration distance (mm). Ve indicates control IgG or vehicle (n = 6). Error bars, SEM.

See also Figure S5.
cells was rescued by the supplementation of recombinant IL-10,

whereas normal angiogenic effect of PPARb/d WT myeloid cells

was attenuated by the neutralization of IL-10 (Figure 5D). These

results demonstrate that IL-10 is the key mediator of PPARb/d-

dependent function of myeloid cells in tumor microenvironment,

promoting tumor cell invasion and tumor angiogenesis.

Mechanism How Cancer Cells Activate PPARb/d in
Myeloid Cells: Paracrine Network Involving M-CSF
and FASN
Using arginase I mRNA expression as a marker, we screened

possible endogenous ligands of PPARb/d in tumormicroenviron-

ment: free fatty acids; prostaglandins; and arachidonic acids.

Because the ligands could originate from either cancer cells

(exogenously) or myeloid cells (endogenously), we treated the in-

hibitors of each enzyme to cancer cells before LCM preparation
Cell
or directly to BMDMs (Figure S6A). Here, only fatty acid synthase

(FASN) inhibitor directly treated to myeloid cells blocked argi-

nase I upregulation caused by LCM (Figure 6A). To verify this

result, we made FASN knockdown LLC cells and FASN knock-

down myeloid cells (Raw 264.7) using sh-FASN lentivirus (Fig-

ures S6B and S6C) and observed that LCM-induced PPARb/d

activation is blocked by FASN knockdown in myeloid cells, but

not by FASN knockdown in cancer cells (Figure 6B). In agree-

ment with this finding, FASN expression was significantly

increased in myeloid cells by LCM (Figures 6C and 6D). This

result implies that endogenous ligands derived from FASN in

myeloid cells can be a key regulator of PPARb/d activity in the

context of tumor myeloid cells.

Then, to find the candidate messengers in tumor microenvi-

ronment thatmediates FASNexpression andPPARb/d activation

in myeloid cells, we analyzed LCM regarding several secretary
Reports 10, 1614–1625, March 10, 2015 ª2015 The Authors 1619



Figure 6. Paracrine Mechanism How Tumor Cells Activate PPARb/d in MCs

(A) Arginase I expression in MC after blocking the production of free fatty acids (FFAs), arachidonic acids (AAs), or prostaglandins (PGs) in LLC cells and MCs by

inhibitor of FASN, cPLA2, or COX (n = 4–7). L�AA, AAs-depleted LCM; L+AACOCF3, LCM supplemented with AACOCF3; L+cerulenin, LCM supplemented with

cerulenin; L�FFA, FFAs-depleted LCM; L+indomethacin, LCM supplementedwith indomethacin; L�PG, PG-depleted LCM. *indicates p < 0.05. Error bars, SEM.

Detailed scheme of the experiment is described in Figure S6.

(B) Effect of FASN knockdown in LLC cells or MCs on PPARb/d activation in MC determined by trans-activation assay (n = 4–6). FASN was knockdown by

sh-FASN lentiviral transduction into LLC cells or Raw 264.7 MCs, and sh-scramble (sh-Sc) lentivirus was used as control. * indicates p < 0.05. Error bars, SEM.

(C) Effect of LCM on FASN expression in MCs (n = 3). * indicates p < 0.05. Error bars, SEM.

(D) IF staining against FASN in MCs cultured in SFM or LCM. LCM significantly induced FASN protein expression in MCs. Representative figure of three inde-

pendent experiments. The scale bars represent 20 mm.

(E) Analysis of LCM regarding tumor-derived factors that are known to be involved in activation of MCs using ELISA, pg/ml (n = 3).

(F) Effect of M-CSF (50 ng/ml) or M-CSF receptor inhibitor Ki20227 (1 mM) on FASN expression in MCs, by real-time PCR. M-CSF as well as LCM significantly

increased FASN mRNA expression in MCs, and Ki20227 reversed the effect of LCM (n = 4–6). * indicates p < 0.05. Error bars, SEM.

(G) Effect of M-CSF (50 ng/ml) or M-CSF receptor inhibitor Ki20227 (1 mM) on PPARb/d activity in MCs, by PPARb/d trans-activation assay. M-CSF as well as LCM

significantly activated PPARb/d in MCs, and Ki20227 reversed the effect of LCM (n = 3 or 4). * indicates p < 0.05. Error bars, SEM.

See also Figures S6 and S7.
factors that have been shown to be important in activation of

macrophages or PPARb/d. We found that macrophage colony-

stimulating factor (M-CSF) was markedly secreted by LLC cells

(Figure 6E), and FASN expression was significantly increased

by M-CSF treatment in myeloid cells, whereas blocking M-CSF

in LCM with Ki20227, a specific inhibitor of M-CSF receptor,

reversed the induction of FASN expression by LCM treatment

(Figure 6F). Moreover, M-CSF treatment resulted in PPARb/d

activation in trans-activation assay, whereas PPARb/d activation

by LCMwas blocked by Ki20227 (Figure 6G). These results alto-

gether indicate that M-CSF secreted from LLC cells induces

FASN expression inmyeloid cells, leading to PPARb/d activation.

DISCUSSION

Here, we demonstrate that PPARb/d activation in tumor myeloid

cells control their pro-tumoral phenotype, particularly the

expression of IL-10, and stimulates tumor angiogenesis and ma-

trix invasion of malignant cell. The physiological relevance of this

pathway was demonstrated in LLC tumor model with PPARb/d
1620 Cell Reports 10, 1614–1625, March 10, 2015 ª2015 The Author
WT and KO BMT mice, which revealed that PPARb/d deficiency

in tumor myeloid cell attenuated tumor growth and angiogen-

esis. Finally, we found that PPARb/d activation in tumor myeloid

cells was induced by the paracrine network between M-CSF

from cancer cells and induction of FASN in myeloid cells.

Importance of PPARb/d in Myeloid Cells to
Control Tumor Growth
Previous studies of PPARb/d in cancer paid attention exclusively

to the role of PPARb/d in malignant cells and carcinogenesis

(Gupta et al., 2004; Peters and Gonzalez, 2009; Peters et al.,

2008). But there have been two studies that distinguished the

effect of PPARb/d in malignant cells from stromal cells and eval-

uated the effect of PPARb/d in tumor stromal cells. In both

studies, they made tumor model with PPARb/d WT/KO mice

implanted with syngeneic PPARb/d WT LLC cells. Then they

showed that PPARb/d-deficient stromal cells delayed tumor

growth and attenuated functional tumor angiogenesis (Abdollahi

et al., 2007; Müller-Brüsselbach et al., 2007). However, the two

studies focused only on tumor endothelial cells based on
s



previous reports on the role of PPARb/d in endothelial function.

(Brunelli et al., 2007; Fan et al., 2008; Ghosh et al., 2007; Liou

et al., 2006; Piqueras et al., 2007). Here, we found that the

expression and the activity of PPARb/d were lower in tumor

endothelial cell compared to tumor myeloid cell. In vivo tumor

model of PPARb/d WT or KO BMT mice and adoptive transfer

of PPARb/d WT or KO myeloid cells demonstrated that PPARb/

d in myeloid cell is critical in tumor growth and angiogenesis.

Our study also suggests that the difference of tumor angiogen-

esis in PPARb/dWT and KOmice is a result of altered phenotype

of tumor myeloid cells. It provides strong evidence that PPARb/

d plays a significant role in stromal cells, especially in tumor

myeloid cell, and gives us further insight of the molecule’s role

in tumor angiogenesis.

Importance of PPARb/d in Myeloid Cells to Induce
M2-like Pro-tumoral Phenotype
Previous studies argue that the immune suppressive and angio-

genic phenotype of infiltrating myeloid cells are crucial determi-

nants of tumor progression (Condeelis and Pollard, 2006;

Pollard, 2004). Classically, the phenotype was simply classified

into M1, the pro-inflammatory microbactericidal and tumoricidal

phenotype, and M2, the immune-regulatory phenotype involved

in tissue remodeling and tumor progression (Sica and Manto-

vani, 2012). Tumor-associated monocytes-macrophages are

roughly considered to presentM2-like phenotype, which is asso-

ciatedwith the promotion of tumor growth and tissue remodeling

(Galdiero et al., 2013). In present study, BMDMs treated with

LCM increased expression of IL-10, arginase I, and VEGF

whereas decreased expression of IL-12. Induction of IL-10 and

arginase I as well as suppression of IL-12 were PPARb/d-depen-

dent, whereas induction of VEGF was not dependent on

PPARb/d. ChiP result confirmed that LCM increased binding of

PPARb/d to PPRE of arginase I. To our knowledge, this is the first

report investigating the role of PPARb/d regulating the M2-like

pro-tumoral phenotype of tumor-associated myeloid cells.

IL-10 dampens the immune response to pathogens and is a

well-known anti-inflammatory product of T-helper 2 cells (Sar-

aiva and O’Garra, 2010). In tumor, the increased production of

IL-10 frommyeloid cells promotes immune suppression through

activation of STAT3 (Kinjyo et al., 2006; Kujawski et al., 2008). In

another report, IL-10-producing LLC cell line showed more

rapidly growing tumor with increased vessel density in mice

compared to control (Dace et al., 2008; Mocellin et al., 2003;

Zeng et al., 2010). In vitro result of our study suggests that

IL-10 might exert direct effect on endothelial cell migration and

tube formation. Overall, pro-tumoral effect of IL-10 seems to

be mediated not only by suppression of immune surveillance

against tumor but also by enhancement of angiogenesis.

Upstream Regulator of PPARb/d in Myeloid Cells
Several eicosanoids and saturated and unsaturated fatty acids

were suggested to be natural ligands of PPARb/d (Forman

et al., 1997; Krey et al., 1997; Xu et al., 1999; Yu et al., 1995).

PPARb/d activation in myeloid cells has been described in previ-

ous reports. The suggested relevant ligands of PPARb/d included

VLDL-particle-derived fatty acids (Chawla et al., 2003), adipose-

tissue-derived fatty acids (Odegaard et al., 2008), and apoptotic-
Cell
cell-derived fatty acids (Mukundan et al., 2009). All the previous

reports focused on exogenous ligands and the potential mecha-

nism to transport the ligands to the cytoplasm of myeloid cell.

Because increased production of de novo fatty acids was known

as a hallmark of cancer cell transformation (Menendez and Lupu,

2007), we initially postulated that fatty acids derived from cancer

cells would act as a significant mediator of interaction between

myeloid cells and tumor. Unexpectedly, FASN knockdown in

LLC did not exert any effect on PPARb/d activation in myeloid

cells. Instead, FASN knockdown in myeloid cells themselves

significantly reduced PPARb/d activation by the LCM. This pro-

vides the first evidence that ‘‘endogenous FASN’’ in myeloid

cell is necessary for the activation of PPARb/d in tumor myeloid

cell. In colorectal carcinoma, endogenously synthesized prosta-

glandin I2 and 13-S-hydroxyoctadecadienoic acid were reported

to modulate PPARb/d activity (Gupta et al., 2000; Shureiqi et al.,

2003). Recently, the importance of FASN and endogenously syn-

thesized ‘‘new fat’’ was highlighted in mouse liver to activate

another PPAR family. In the report, FASN was shown to produce

long-chain fatty acid, which was then converted to specific

endogenous ligand to activate PPARa (Chakravarthy et al.,

2009). In this regard, we suggest that FASN-derived new fat or

its derivatives may activate PPARb/d. Further study is needed

to identify the physiologically relevant endogenous ligand of

PPARb/d in myeloid cells.

Mechanism of Cancer Cells to Tame Myeloid Cells:
Paracrine Network Involving M-CSF to FASN
TAMs, in terms of metabolism, are expected to downregulate

FASN expression due to carbohydrate deprivation from exces-

sive glucose utilization by the surrounding malignant cancer

cells. In this regard, we speculate that the M-CSF signaling plays

the critical role in the unexpected upregulation of FASN in TAMs.

Previous studies reported the role of cancer-derived M-CSF in

the differentiation of myeloid cell phenotype. M-CSF is the key

cytokine that induces myeloid cell to have the immunosup-

pressed and tissue-trophic phenotype (Mantovani et al., 2002;

Pollard, 2004). The signal pathways activated by M-CSF include

PI3K/Akt, MAPK, and JAK/STAT pathway (Mouchemore and

Pixley, 2012). These are the same pathways reported to be

responsible for the dysregulated overexpression of FASN in

malignant cells (Menendez and Lupu, 2007). Regarding down-

stream effectors, M-CSF stimulated production of IL-10 and

CCL2 whereas suppressing IL-12 and IL-23 (Fleetwood et al.,

2007; Lacey et al., 2012). However, the exact mechanism how

M-CSF regulates wide range of downstream effectors is still

uncovered. In the present study, M-CSF from cancer cells

increased the expression of FASN and activated PPARb/d to

increase IL-10 expression and suppress IL-12 expression.

Generalization and Application
We asked whether the above finding was generalizable to

different solid tumors. When we compared the growth of various

cancer cell lines in PPARb/dWT and KO BMTmice (Figure S7A),

only the B16-F10 melanoma cell line showed impaired tumor

growth like LLC cell line. Interestingly, only the supernatants of

LLC and B16-F10 upregulated the expression of FASN and sub-

sequently increased the PPARb/d activity of myeloid cells in vitro
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Figure 7. Crosstalk between Tumor and

Stromal Cells in Tumor Microenvironment

M-CSF secreted from tumor cells induces FASN in

MCs, leading to PPARb/d activation, phenotypic

change, and secretion of IL-10 from MCs. IL-10

from MCs in turn stimulates tumor cell invasion as

well as angiogenesis by ECs migration and prolif-

eration.
(Figures S7B and S7C). We speculate that there might be a spe-

cific phenotype of cancer that influences tumor myeloid cells

via the FASN-PPARb/d pathway. As synthetic antagonist of

PPARb/d is available, characterization of the specific phenotype

and its marker in human cancer would be a promising strategy

to target the tumor microenvironment and impair cancer

progression.

Taken as awhole, the present study identifies a new liaison be-

tween malignant cells and stromal cells. M-CSF from cancer

cells induces FASN-PPARb/d pathway in stromal cells, leading

to secretion of IL-10 and tumor progression (Figure 7).

EXPERIMENTAL PROCEDURES

Animal Experiments

We used PPARb/dKOmice with the exon 8 of the gene disrupted as previously

described (Peters et al., 2000). BM cells were isolated from PPARb/dWT or KO

mice and underwent lineage depletion (CD3, CD11b, CD45R/B220, Gr-1, and

TER119;BDBiosciences)withmagnetic-activatedcell sorting (MACS) (Miltenyi

Biotec). Recipient mice received lethal dose of 6.5 + 6.5 Gy irradiationwith 4-hr

interval. Lineage-depleted hematopoietic stem cells (1 3 105 cells/ recipient)

were injected into recipientmicewithin 24 hr after the second irradiation. Donor

marrowwas allowed to repopulate for 4weeks, and themicewere used for LLC

tumormodel. All the animal protocol was approved by the Experimental Animal

Committee of Seoul National University. 7 3 105 LLC cells at exponential

growth were suspended in 70 ml of growth-factor-reducedMatrigel (BD Biosci-

ences) and injected subcutaneously in the left flankof indicatedmice. For adop-

tive transfer experiments, equal number of PPARb/d WT or KO BMDMs were

mixed with LLC cells in 70 ml of Matrigel. Tumor sizes (length [L] and width

[W]) were measured using calipers, and tumor volume was calculated using

the equation volume = L 3 W2/2. Tumor was dissected, and the weight was

measured 2 weeks after implantation. All the animal experiments of the study

were approved by the Institutional Animal Care and Use Committee (IACUC)

in Seoul National University Hospital (IACUC approval no. SNU-140630-4).

Sorting of Endothelial Cells and Myeloid Cells from LLC Tumor

and Normal Lung Tissue

Two weeks after LLC cells were injected into Tie-2 GFP transgenic mice as

above, tumors were surgically removed, minced, and digested with collage-
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nase I (1 mg/ml) and DNase I (1 mg/ml; Roche) in

HBSS for 30 min at 37�C and passed through

40-mm cell strainer. Dissociated single cells were

stained with CD11b-APC antibody (BD Biosci-

ences) and sorted with FACSAria based on their

fluorescence (GFP: Tie-2+ endothelial cells;

PerCP: CD11b+ myeloid cells; Figure S2).

Macrophage Isolation and Culture

in Conditioned Media

BMDMs were isolated and cultured as described

previously (Weischenfeldt and Porse, 2008).

Briefly, marrow was flushed from femur and tibia

of indicated mice, passed through 40-mm cell
strainer, and incubated in hypotonic RBC lysis solution. The cells were plated

at a density of 13 106/ml and cultured in RPMI containing 10% FBS and 15%

L-929-conditioned media for 7 days. At day 8, differentiated macrophages

were used for subsequent experiments. LCM was prepared as previously

described (Kim et al., 2009). Briefly, 12 hr after 2 3 106 LLC had been plated

on a 10-cm culture dish, growth media was replaced by 8 ml of serum-free

RPMI 1640. The conditioned media was collected for next 18 hr, centrifuged

for 10 min at 3,000 g, and passed through 0.45-mm pore filter. Serum-free

RPMI 1640 medium (SFM) was incubated for the same duration and passed

through the filter to serve as control media. SFM and LCM were treated for

18 hr to evaluate macrophage phenotype gene and PPAR b/d expression

and for 8 hr for FASN expression and ChIP assay. To block each enzyme

activity of LLC during LCM preparation, the following concentrations of inhib-

itors were treated to LLC cells 1 hr before the start of LCM preparation: ceru-

lenin (5 mg/ml; Sigma-Aldrich); AACOCF3 (10 mM; Tocris Bioscience); and

indomethacin (1 mM; Sigma-Aldrich). To block the enzyme activities of

BMDM during LCM stimulation, the same concentration of each inhibitor

was mixed to the LCM.

Immunofluorescence Staining of Tumor Tissue and BMDM

The tumor tissues were embedded in OCT compound and frozen in isopen-

tane cooled with liquid nitrogen. The frozen tissue was cut into 8-mm section

and fixed with acetone or 1% PFA. Blocking was done with 5% normal goat

serum with 1% BSA and 1% FcR blocker (Miltenyi Biotec). Rat anti-CD31

antibodies, rat anti-IL-10 antibodies (eBioscience), rabbit anti-PPAR b/d anti-

bodies (Santa Cruz Biotechnology), biotinylated anti-CD11b antibodies (BD

Biosciences), and FITC-tagged anti-CD31 antibodies (BD Biosciences) were

used as primary antibodies. The nuclei were counterstained with Sytox blue

(Invitrogen). To evaluate CVDs, CD31-positive area per total area was quanti-

fied at six random fields of each section. To quantify CD11blowIL-10+ cells infil-

tration, IL-10+ cells were automatically counted and manually confirmed to be

CD11blow. LSM 710 microscopes and ZEN 2010 Software (Carl Zeiss) were

used for image acquisition and Image-Pro Plus (MediaCybernetics) for

quantification.

FACS Analysis of Tumor-Infiltrating Myeloid Cells

Tumors of LLC injected into PPARb/d WT or KO BMT mice were prepared to

single-cell suspension as described above at 2 weeks. FITC-tagged anti-

CD11b; PE-tagged anti-IL-10; PerCP-Cy5.5-tagged anti-F4/80; and APC-

tagged anti-Ly6C, anti-Ly6G, anti-CD11c, anti-CD86, anti-MHC class II, and

anti-CD206 antibodies were used for analysis.



Annexin V and 7-AAD FACS Analysis for Cell Survival

BMDMs were tagged with PKH-26 kit (Sigma-Aldrich) according to manu-

facturer’s protocol to distinguish it from LLC cells during the co-culture

experiments. Equal number of BMDMs and LLC cells (each 3 3 105 cells)

were co-cultured for 24 hr in SFM. The co-cultured cells were stained

with annexin V-FITC and 7-AAD, and the percentage of apoptotic and

necrotic cells were quantified with FACS Canto-II (BD Biosciences). LLC

cells and BMDMs were separately gated based on PKH-26 signal (585/42

[PE] detector). The percentage of apoptotic (annexin V-FITC; 530/330

[FITC] detector) and necrotic/late apoptotic (7-AAD; 670LP [PerCP-Cy5.5,

PERCP] detector) cells were calculated in each gate. For experiments of

PPARb/d WT or KO BMDM survival, the BMDMs were cultured for 24 hr

in SFM, stained with annexin V-FITC and 7-AAD, and analyzed as above

except for PE gating.

Invasion/Infiltration Assay

The 24-well insert system (BDBiosciences) was used to assess BMDM infiltra-

tion capacity. LLC cells and PKH-26-stained BMDMs were plated in 24-well

bottom plate and on 8-mm pore inserts, respectively. After 12 hr, the inserts

were placed on the LLC culture. After 24 hr, BMDM infiltration was quantified

as the red fluorescent cell counts at the bottom of the insert.

For the assessment of LLC cell invasion capacity affected by BMDMs, we

modified previously described vertical collagen gel chamber invasion assay

(Yoon et al., 2005). GFP-tagged LLC cells were added on PKH-26-stained

BMDMs already plated on optical 8-well dish (Ibidi). The co-cultured cells

were then covered with 150 ml of collagen (Millipore) and GFR-reduced Matri-

gel (BD Biosciences) mixture (1:1) and kept at 37�C until the gel polymerized.

After 1 hr, 100 ml of RPMI 10% FBS medium was added on the top of collagen

gel to attract the cells upward in each well. The vertical upward migration of

green (LLC) and red (BMDM) cells were quantified using the z stack imaging

acquired with Zeiss LSM 710 confocal microscopy.

Endothelial Cell Function Assay

Matrigel tube formation (Hur et al., 2007) and scratch wound assay (Lee et al.,

2009) were done as previously described with slight modification of the proto-

col. For tube formation, 23 104 human umbilical vein endothelial cells (Lonza)

were seeded on the Matrigel-coated chamber slide with indicated conditioned

media treated with recombinant mouse IL-10 (10 ng/ml), anti-IL-10-blocking

antibodies (eBioscience; 0.5 mg/ml), or protein/antibody control. After 12 hr,

four random fields were taken and the count of complete tube formation per

unit area and total length of tube in the field were quantified. For migration

assay with scratch-wound model, MS1 (mouse endothelial cell line; ATCC)

cells were cultured in 6-well dishes to confluence. The monolayers were

scraped through the middle of the dish by using a sterile disposable rubber

policeman. After wounding, monolayers were immediately washed and incu-

bated with indicated conditioned media and recombinant mouse IL-10

(10 ng/ml), anti-IL-10-blocking antibody (0.5 mg/ml), or protein/antibody con-

trol. After 24 hr, migration of the cells was quantified bymeasuring average dis-

tance of maximal migration into denuded area at five points of regular interval.

Image-Pro Plus was used for quantification.

PPARb/d Trans-activation Assay

The ligand-binding domain of mouse PPARb/d was fused to the DNA-binding

domain of the yeast transcription factor Gal4 under the control of the SV40 pro-

moter, and the plasmid also encoded the UAS-firefly luciferase reporter under

the control of the Gal4 DNA response element (Bility et al., 2004). Mono-

macrophage cell line RAW 264.7 was transfected with plasmid DNA used

with Neon electroporation system (Invitrogen; Guignet and Meyer, 2008).

The electroporation condition was 3 3 105 cells in 10 ml with single pulse of

voltage 1,680 V over 20 ms. 6 3 105 cells from two electroporations were

pooled and plated on a 6-well dish with media supplemented with 20% FBS

and 15% L-media. After 24 hr of stabilization, the transfected cells were

treated with different conditioned media for 24 hr and the luciferase activity

was measured. As the reporter produced firefly luciferase, we used constitu-

tively expressed Renilla luciferase (pRL-TK; Promega) for transfection control

and quantified luciferase activity with dual luciferase assay kit (Promega) ac-

cording to manufacturer’s protocol.
Cell
FASN Knockdown with Short-Hairpin Lentivirus

To reduce endogenous FASN expression, pLL3.7 lentiviral vector (Addgene)

that expresses shRNA under the mouse U6 promoter was utilized. A CMV-

EGFP reporter cassette is included in the vector tomonitor expression. We fol-

lowed previous protocol to produce lentiviral vectors (Rubinson et al., 2003).

The consensus sequences were provided by The RNAi Consortium. The

sequence for FASN knockdown was 50-GCTGGTCGTTTCTCCATTAAA-30

and shRNA sequence for scramble (Sc) control was 50-CAACAAGATGAAG

AGCACCAA-30. Sub-confluent RAW 264.7 and LLC cells were transducted

with indicated lentivirus and limit diluted in 96-well to get the single clone

with consistent GFP expression. The resulting clones were expanded, and

the FASN knockdown was confirmed with real-time PCR.

Statistical Analysis

All data are presented as mean ± SE. Student’s t test or paired t test was per-

formed for inter-group comparisons. One-way ANOVAwith Bonferroni correc-

tion was used for multiple-group comparisons. SPSS version 16.0 was used

for analysis, and a p value of <0.05 was considered statistically significant.

See also Supplemental Experimental Procedures.
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