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Abstract Apoptotic cell (AC)-derived factors alter the

physiology of macrophages (MUs) towards a regulatory

phenotype, characterized by reduced nitric oxide (NO)

production. Impaired NO formation in response to

AC-conditioned medium (CM) was facilitated by arginase

II (ARG II) expression, which competes with inducible

NO synthase for L-arginine. Here we explored signaling

pathways allowing CM to upregulate ARG II in

RAW264.7 MUs. Sphingosine-1-phosphate (S1P) was

required and acted synergistically with a so far unidentified

factor to elicit high ARG II expression. S1P activated S1P2,

since S1P2 knockdown prevented ARG II upregulation.

Furthermore, ERK5 knockdown attenuated CM-mediated

ARG II protein induction. CREB was implicated as shown

by EMSA analysis and decoy-oligonucleotides scavenging

CREB in RAW264.7 MUs, which blocked ARG II

expression. We conclude that AC-derived S1P binds to

S1P2 and acts synergistically with other factors to activate

ERK5 and concomitantly CREB. This signaling cascade

shapes an anti-inflammatory MU phenotype by ARG II

induction.
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Abbreviations

AC Apoptotic cell

CM Apoptotic cell-conditioned medium

ARG II Arginase II

MU Macrophage

mpARG II Murine ARG II promoter

cAMP Cyclic adenosine monophosphate

CREB cAMP responsive element binding protein

CDase Ceramidase

CERK Ceramide kinase

SMase Sphingomyelinase

NO Nitric oxide

NOE n-oleoyl-ethanolamine

SK2 Sphingosine kinase 2

S1P Sphingosine-1-phosphate

S1P2 S1P receptor 2

PGE2 Prostaglandin E2

ERK5 Extracellular signal-regulated kinase 5

MEK5 Mitogen-activated protein kinase kinase 5

C1P Ceramide-1-phosphate

Ab Antibody

Introduction

Macrophages (MUs) are versatile immune cells that,

depending on environmental signals, acquire diverse

functional states. As professional phagocytes, MUs engulf

apoptotic cells (ACs) to prevent them from undergoing

secondary necrosis, thereby protecting the surrounding

tissue from being exposed to inflammatory constituents.

Moreover, ACs induce MU polarization towards an anti-

inflammatory, regulatory phenotype [1]. Recently, we

demonstrated that arginase II (ARG II) upregulation
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attenuated nitric oxide (NO) production in RAW264.7

MUs exposed to apoptotic Jurkat cells or apoptotic Jurkat

cell-derived mediators. This effect was also recapitulated

in human MU-like THP-1 cells [2]. ARG II competes with

inducible NO synthase for the common substrate L-arginine

[3]. This finding corroborated other studies reporting

modulation of NO production in MUs by ARG II [4, 5].

There are two arginase (ARG) isoforms in mammals [3],

which catalyze the hydrolysis of L-arginine to L-ornithine

and urea. Although their amino acid sequences are 58%

identical and their enzymatic properties are similar, tran-

scriptional regulation as well as their tissue, cellular and

subcellular distributions is different. In hepatocytes ARG I

is mainly expressed in the cytosol and catalyzes the last

step of urea synthesis. In contrast, ARG II is located in

mitochondria and has wide tissue distribution, with

expression in kidney, brain, small intestine and in MUs

[6–8]. Because of its close proximity to ornithine amino-

transferase in mitochondria, ARG II is considered to be

primarily involved in the production of ornithine as a

precursor of proline [3]. Even though the two ARG iso-

forms mostly occur individually, some cell types like MUs

express both of them [9].

ARG II has been tied to a series of vascular diseases

including asthma and hypertension [10, 11], since these

pathophysiological conditions result from arginase-medi-

ated impaired NO production. Furthermore, there is

accumulating evidence for a role of ARG II in tumor biology,

as it is highly expressed in kidney, lung, breast and prostate

cancer cells [12–15]. ARG II metabolizes L-arginine, thereby

supplying the tumor with L-ornithine needed for its rapid

growth, at the same time inducing T-cell dysfunction [14].

Based on these findings, ARG II seems to be a promising

therapeutical target and thus understanding molecular

pathways of its regulation is necessary. It was previously

described that ARG II can be induced by interferon regula-

tory factor 3 (IRF-3), cyclic adenosine monophosphate

(cAMP), prostaglandin E2 (PGE2), lipopolysaccharide

(LPS) or interleukin 10 (IL-10)/isoproterenol [8, 9, 16, 17].

Marathe et al. reported that in MUs ARG II is a direct target

of liver X receptor (LXR), a transcription factor mediating

anti-inflammatory actions [18]. Considering this rudimen-

tary information, we characterized the signaling

pathway used by AC-derived mediators to upregulate ARG

II in MUs.

Materials and methods

Materials

Staurosporine, proteinase K, NVP231, NS398, anti-actin

and anti-a-tubulin antibodies (Abs) were purchased from

Sigma-Aldrich (Steinheim, Germany). n-Oleoyl-ethanol-

amine (NOE), GW4896 and the Janus kinase (Jak)

inhibitor I were purchased from Calbiochem (Darmstadt,

Germany). U0126, PD98059, SB203580 and LY294002

were ordered from Alexis Biochemical (Lörrach,

Germany). S1P came from Avanti (Alabaster, AL). JTE013

was from Cayman Chemical (Ann Arbor, MI). Cell culture

supplements and FCS were ordered from PAA Laborato-

ries (Cölbe, Germany). Oligonucleotides were bought from

Biomers (Ulm, Germany). CREB decoy oligonucleotides

(wt and mutated) were ordered from Metabion (Martins-

ried, Germany). Restriction enzymes (BglII, EcoRV,

HindIII, SmaI) were purchased from New England Biolabs

(Frankfurt am Main, Germany). Anti-ARG II, anti-CREB-1

and anti-S1P2 (EDG-5) Abs came from Santa Cruz Bio-

technology (Santa Cruz, CA). Anti-ERK1/2 and anti-ERK5

Abs were purchased from Cell Signaling (Danvers, MA).

The monoclonal anti-HA.11 Ab was provided by Covance

(Emeryville, CA). The anti-FLAG Ab was obtained from

Rockland (Gilbertsville, PA). The siGENOME SMART-

pool siRNA against ERK5, S1P2 and siControl

nontargeting siRNA were from Dharmacon RNAi Tech-

nologies (Bonn, Germany). All chemicals were of the

highest grade of purity and commercially available.

Cell culture

The mouse monocyte/macrophage cell line RAW264.7, the

human Jurkat T cell line and the human MCF-7 breast

carcinoma cell line were maintained in RPMI 1640. Human

embryonic kidney cells (HEK293) were cultured in Dul-

becco’s modified Eagle’s medium (DMEM) high glucose.

Each medium was supplemented with 100 U/ml penicillin,

100 lg/ml streptomycin and 10% heat-inactivated FCS.

All cell lines were maintained at 37�C and 5% CO2. Cells

were regularly tested to be mycoplasma free.

Generation of apoptotic Jurkat and MCF-7 cells

MCF-7 or Jurkat cells were treated for 2.5 h with 0.5 lg/ml

staurosporine in FCS free RPMI 1640 supplemented with

100 U/ml penicillin, 100 lg/ml streptomycin, washed three

times with medium and incubated for another 5 h in full

medium to generate apoptotic cell (AC)-conditioned

medium (CM) (2.5 9 106 ACs/ml medium). Cell death

was confirmed by flow cytometry, using annexin V and

propidium iodide staining (Immunotech, Marseille,

France). ACs were centrifuged for 10 min at 1,0009g to

collect the medium. The supernatant of ACs was passed

through a 0.2-lm cellulose syringe filter (Roth, Karlsruhe,

Germany) to remove remaining cells and debris. The fil-

trate was taken as CM. Taking into consideration that CMs

from different apoptotic cells show similar effects on
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MUs [19, 20], we used either CM from MCF-7 (CM-M) or

Jurkat cells (CM-J). In all experiments, the concentration

of CM-M corresponded to the ratio of 1 MU to 2 ACs

(ratio 1 MU:2ACs), whereas CM-J was used at a ratio of

1 MU to 5 ACs (ratio 1 MU:5ACs).

Preparation of modified conditioned media

Jurkat cells were pre-incubated with the sphingomyelinase

(SMase) inhibitor GW4896 [10 lM] or the ceramidase

(CDase) inhibitor n-oleoyl-ethanolamine (NOE) (50 lM),

while MCF-7 cells were pre-incubated for 30 min with the

ceramide kinase (CERK) inhibitor NVP231 (200 nM),

followed by induction of apoptosis as described. CM was

obtained by incubating ACs in fresh full medium without

inhibitors. CM from viable MCF-7 cells was obtained by

incubating appropriate cell numbers in fresh culture med-

ium. Necrosis was induced by heating cells at 56 C for

30 min, followed by collecting their CM. In order to digest

and denaturate proteins, CM was incubated with 50 lg/ml

proteinase K at 37 C for 1 h, followed by incubations at

100 C for 1 h.

Generation of a stable sphingosine kinase 2 knockdown

in MCF-7 cells

For sphingosine kinase 2 (SK2) knockdown, pSilencer-

siSK2 was stably transfected into MCF-7 cells (MCF-7-

siSK2) using Nucleofector technology (Amaxa, Köln,

Germany) as described [20, 21]. MCF-7-Neo cells were

generated by nucleofection of MCF-7 cells with the

pSilencer 4.1-CMV neo control vector (Ambion, Darmstadt,

Germany).

Western blot analysis

Expression of ARG II, ERK5 and phospho-ERK5, phospho-

ERK1/2, HA1-tag, FLAG1-tag, a-tubulin and actin was

analyzed by Western blot analysis; 2 9 106 RAW264.7

MUs were cultured in 10-cm dishes 1 day prior to

experiments. Cells were starved over night when stimulated

with authentic S1P. Following individual treatments, cells

were washed with ice-cold PBS, scraped off, lysed in 200 ll

lysis buffer A (50 mM Tris, 150 mM NaCl, 5 mM EDTA,

0.5% Nonidet P-40, 1 mM PMSF, 1 mM DTT, 19 Phos-

phoStop, 19 protease inhibitor mix (Roche), pH 7.5),

incubated on ice for 20 min, sonified, vortexed and kept on

ice for 20 min, followed by centrifugation (15,0009g,

30 min). Proteins (60–100 lg/sample) were resolved on

10% SDS-polyacrylamide gels and blotted onto nitrocellu-

lose membranes by a semidry transfer cell. Polyclonal rabbit

anti-ARG II (1:1,000), rabbit anti-ERK5 (1:1,000), rabbit

anti-phospho-ERK5 (1:1,000), rabbit anti-phospho-ERK1/2

(1:1,000), rabbit anti-FLAG-tag (1:1,000) or monoclonal

mouse anti-HA.11-tag Ab (1:1,000) were added and incu-

bated overnight at 4�C. Polyclonal rabbit anti-actin

(1:2,000) or monoclonal mouse anti-a-tubulin Ab (1:1,000)

was incubated for 2 h. Afterwards, membranes were washed

three times for 7 min each with 0.1% Tween 20 in PBS. For

protein detection by ECL, blots were incubated with a HRP-

labeled goat anti-rabbit (1:2,000) or anti-mouse secondary

Ab (1:2,000). For alternative protein detection, membranes

were incubated with IRDye infrared secondary antibodies

(1:6,000). Proteins were visualized with the Odyssey infra-

red imaging system from LI-COR Biosciences (Bad

Homburg, Germany).

Arginase II promoter deletion constructs, transient

transfection and reporter assay

An ARG II luciferase reporter plasmid (pGL3-Basic-

mpARG II) containing the murine ARG II promoter

(mpARG II) upstream of the luciferase gene was generated

as described [2] to follow ARG II promoter activity. MUs

were transfected using jetPEITM cationic polymer trans-

fection reagent (Biomol, Hamburg, Germany) according to

the instructions of the manufacturer. Briefly, 5 9 105 cells

were seeded per well in 24-well plates. They were allowed

to adhere for 4 h followed by transfection. Incubations

continued for 24 h, followed by individual stimulation.

Luciferase activity was measured 15 h later. To obtain

ARG II promoter deletion constructs, the pGL3-basic-

mpARG II plasmid was digested with restriction enzymes

and re-ligated. Double digestion with EcoRV in combina-

tion with BglII, HindIII or SmaI produced a -1,359 bp to

-1 bp, a -442 bp to -1 bp or a -262 bp to -1 bp con-

struct of mpARG II. Successful cloning of the deletion

constructs was verified by sequencing.

Electrophoretic mobility shift assay (EMSA)

Nuclear extracts from RAW264.7 MUs were prepared and

analyzed by EMSA as described [20, 22]. Individual dou-

ble-stranded oligonucleotides containing a fragment of

mpARG II, including the consensus sequence of the CREB

binding site (boldface letters), were ordered and labeled

with IRDye700. The sequences were as follows: forward

50-IRDye700-AGA TGC TGA CGT CAC AGG GCG

GTG-30 and reverse 50-IRDye700-CAC CGC CCT GTG

ACG TCA GCA TCT CTC-30. Resultant protein-DNA

complexes were resolved on native 4% polyacrylamide

gels, and the intensity of the bands, corresponding to spe-

cific CREB-DNA binding, was determined using the

Odyssey infrared imaging system from LI-COR Biosci-

ences (Bad Homburg, Germany). The reaction mixture for

EMSA contained 2 lg poly (dI-dC) from Amersham
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Biosciences (Freiburg, Germany), 2 ll buffer D (20 mM

HEPES/KOH, 20% glycerol, 100 mM KCl, 0.5 mM

EDTA, 0.25% Nonidet P-40, 2 mM DTT, 0.5 mM PMSF,

pH 7.9), 4 ll buffer F (20% Ficoll-400, 100 mM HEPES/

KOH, 300 mM KCl, 10 mM DTT, 0.5 mM PMSF, pH 7.9)

and 10 lg nuclear proteins in a final volume of 20 ll.

Supershift analysis was performed by adding 4 lg of anti-

CREB-1 for 30 min followed by 250 fmol 5’-IRDye700-

labeled oligonucleotides and further incubations for 20 min

at room temperature. The competition assay was performed

by adding 25-, 50- or 100-fold unlabeled oligonucleotides

(sequences as indicated above) or with a mutated CREB

binding site. The mutation was obtained by replacing AC

(underlined) by TG.

CREB decoy experiment

CREB decoy-oligonucleotides were used as described

before [23]. RAW264.7 cells were transiently transfected

with CRE-oligonucleotides containing the CRE-consensus

site derived from mpARG II and oligonucleotides with

a mutated site as a control. Phosphothiorate stabilized

50-terminal fluorescein labeled oligonucleotides were used.

The sequences were as follows: forward 50-GAG AGA

TGC TGA CGT CAC AGG GCG GTG-30 and reverse

50-CAC CGC CCT GTG ACG TCA GCA TCT CTC-30.
Mutated oligonucleotides were obtained by replacing AC

(underlined) by TG. One day before transfection cells

were seeded at a density of 1 9 106 cells in 6-cm dishes.

Oligonucleotides (3 lM) were added 24 h prior to cell

stimulation. After changing the medium, cell stimulation

was performed as indicated. Transfection efficiency was

determined by counting labeled cells by fluorescence

microscopy and/or FACS analysis.

Overexpression of MEK5 and ERK5

To analyze the impact of CM on ERK5 phosphorylation,

we used plasmids kindly provided by Prof. Eisuke Nishida

(Kyoto University, Japan). pcDNA3-HA1 and pcDNA3-

FLAG1, as well as ERK5N, MEK5 WT and MEK5D, were

described previously [24, 25]. ERK5N encoded a truncated

form of ERK5 (residues 1–407) containing the TEY acti-

vation motif, MEK5 WT the wild-type form of its direct

upstream kinase MEK5 and MEK5D the constitutive active

form of MEK5, where serine 311 and threonine 315 were

replaced by aspartic acid.

Overexpression of HA1-ERK5N, FLAG1-MEK5 WT

and FLAG1-MEK5D was performed in HEK293 cells.

Compared to MUs, transfection of HEK293 cells can be

achieved with high efficiency. HEK293 cells were tran-

siently transfected using jetPEITM cationic polymer

transfection reagent (Biomol, Hamburg, Germany)

according to the instructions of the manufacturer. Briefly,

0.8 9 106 cells were seeded in 10-cm dishes. The next

day, they were transfected with pcDNA3-HA1-ERK5N in

combination with pcDNA3-FLAG1-MEK5 WT or pcDNA3-

FLAG1-MEK5D (5 lg of each plasmid) and starved over-

night, followed by individual stimulation.

Real-time PCR

2 9 106 RAW264.7 MUs were cultured in 10-cm dishes 1

day prior to experiments. Following individual treatments,

total RNA was isolated using PeqGold RNAPure (PeqLab

Biotechnologie, Erlangen, Germany). Reverse transcription

was performed with 1 lg RNA using iScript cDNA syn-

thesis kit (Bio-Rad, Munich, Germany). Real-time PCR

was achieved with Absolute QPCR SYBR Green mix

(ABgene, Hamburg, Germany) according to the manufac-

turer’s instructions. Amplification and analysis were

performed using the Bio-Rad MyiQ iCylcer system. Rela-

tive mRNA expression was calculated with the BIO-RAD

GeneEx gene expression macro based on the ddCt method

and normalized to 18S ribosomal RNA. Following primer

pairs were used for real-time PCR: murine ARG II sense—

50-ACA GGG TTG CTG TCA GCT CT-30; antisense—

50-TGA TCC AGA CAG CCA TTT CA-30, murine VEGF;

sense—50-TGT CAC CAC CAC GCC ATC A-30; anti-

sense—50-GGA ATC CCA GAA ACA ACC CTA ATC-30;
18S rRNA sense—50-GTA ACC CGT TGA ACC CCA

TT-30; antisense—50-CCC ATC CAA TCG GTA GTA

GCG-30; murine IL-10 and CD206—QuantiTect Primer

Assay (Qiagen, Hilden, Germany).

Griess assay

To follow NO formation we measured nitrite, which is a

stable oxidation product. Nitrite was determined in the

supernatant of RAW264.7 MUs; 2 9 106 RAW264.7 were

seeded on 10-cm dishes 1 day prior to stimulation. Cells

were incubated with CM or CM in combination with

inhibitors for 16 h. Thereafter, the medium was changed,

and incubations continued for 24 h with or without the

addition of 100 U/ml IFNc. Nitrite concentrations in

the supernatants were determined by the Griess assay

according to the manufacturer’s instructions (Promega,

Heidelberg, Germany) and calculated in comparison to

standard concentrations of NaNO2 dissolved in culture

medium.

Statistical analysis

Data represented in graphs are means ± SEM of at least

three independent experiments. Statistical analysis was

done using the paired Student’s t test and considered
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significant (*) at p B 0.05, (**) at p B 0.005 and (***) at

p B 0.0005. Western blots are representative of at least

three independent experiments.

Results

S1P from AC activates S1P2 to upregulate ARG II

in MUs

We demonstrated that apoptotic Jurkat cells as well as their

conditioned medium (CM-J) induced ARG II protein

expression in MUs [2]. As conditioned medium derived

from apoptotic MCF-7 cells (CM-M) also induced ARG II,

this indicated that its expression is independent of the

apoptotic cell type being used. However, a detailed anal-

ysis of the signaling mechanism was missing. To provide

information on transducing pathways, we time-dependently

determined induction of ARG II in response to CM-M in

RAW264.7 MUs. ARG II protein expression was already

detectable after 4 h, followed by a steady increase up to

20 h of incubation (Fig. 1a). ARG II expression was spe-

cific for CM from ACs, since neither necrotic nor viable

cell CM induced ARG II (Fig. 1b). To characterize the

soluble factor(s) involved, we digested and denaturated

proteins in the CM-M with 50 lg/ml proteinase K (at 37 C

for 1 h), followed by incubation at 100 C for 1 h. This

CM-M, lacking functional proteins, still allowed ARG II

induction in MUs (Fig. 1c), excluding AC-derived proteins

as potential inducers.

Taking into account that the glycerophospholipid and

the sphingolipid metabolism are active in ACs and further

considering their metabolites to be involved in differenti-

ation, immunity and survival of MUs [19, 26, 27], we

approached their potential role in ARG II expression.

Pharmacological inhibition of glycerophospholipid metab-

olizing enzymes phospholipase A2 and phospholipase C

before inducing apoptosis in Jurkat cells did not affect

CM-J-mediated ARG II upregulation (data not shown). On

the contrary, consecutive inhibition of the sphingolipid

metabolizing enzymes (Fig. 2a) before inducing apoptosis

in Jurkat or MCF-7 cells allowed generating modified

conditioned media, which were less active in ARG II

upregulation. In fact, the SMase inhibitor GW4869 or the

CDase inhibitor NOE in apoptotic Jurkat cells reduced the

potential of CM-Js to upregulate ARG II (Fig 2b). This

pointed to the importance of the sphingolipid mediator S1P

for ARG II expression, since ceramide and sphingosine,

produced by SMase and CDase, respectively, are S1P

precursors. We excluded an impact of GW4869 and NOE

on apoptosis per se by performing a FACS analysis with

annexin V staining (Supplemental Fig. 1). Previously we

generated a stable SK2 knockdown MCF-7 cell line, whose

CM (CM-MsiSK2) showed a reduced S1P content compared

to CM-MNeo (4 ng/ml S1P vs. 0.65 ng/ml S1P in the

supernatants of 2 9 105 apoptotic MCF-7-Neo vs. MCF-7-

siSK2 cells), with the further notion that a SK2 knockdown

did not affect apoptosis initiation/execution in these cells

[20]. We used CM-MsiSK2 to demonstrate the requirement

of S1P for ARG II induction. As expected, CM-MsiSK2 was

less potent in ARG II upregulation compared to CM-MNeo

(Fig. 2c), thus corroborating a role of S1P for ARG II

upregulation. Moreover, 0.5 lM authentic S1P had a sig-

nificant, yet minor effect on ARG II protein expression.

Expression increased 2.3-fold compared to controls

(Fig. 2d), while CM-M provoked a 13-fold upregulation at

16 h as seen in Fig. 1a. This suggested the requirement of

another, yet unidentified factor(s) for robust ARG II

expression. Furthermore, stimulation of RAW264.7 cells

with CM-MsiSK2 only induced 50% of ARG II protein

compared to CM-MNeo. Application of CM-MsiSK2 in

combination with 150 nM S1P restored ARG II expression

to levels similar to those of CM-MNeo (Fig. 2e).

Fig. 1 CM-M upregulates ARG II in RAW264.7 MUs. a MUs were

incubated for the indicated times with CM-M. The graph shows

quantification of CM-M-mediated ARG II protein expression, n C 4.

b Cells were incubated for 16 h with CM-M or CM from necrotic

(CM-Mnecrotic) or viable MCF-7 cells (CM-Mviable), n C 3.

c RAW264.7 MUs were stimulated with CM-M or CM-M treated

with 50 lg/ml proteinase K (prot.K) at 37 C for 1 h, followed by 1 h

at 100 C, n C 3. ARG II expression in RAW264.7 cells was

determined by Western blot analysis

Arginase II expression by ERK5/CREB 1819
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Apparently, while glycerophospholipids do not seem to be

involved, the sphingolipid S1P was indispensable for ARG

II induction.

It is well established that S1P signals by binding to

S1P receptors (S1P1-5). Since S1P1 and S1P2 predominate

in murine MUs [27, 28], we employed specific inhibitors

at effective concentrations to clarify which receptor sig-

nals ARG II upregulation [29, 30]. We previously

confirmed the efficiency of VPC23019, a S1P1,3 antago-

nist, to block CM-mediated HIF-1a expression in

RAW264.7 MUs [31]. As shown in Fig. 3a, VPC23019

did not antagonize CM-M-mediated ARG II expression,

while the S1P2 antagonist JTE013 at doses of 10 and

20 lM was highly effective (Fig. 3b). Of note,

CM-mediated ARG II mRNA expression was already

affected by 0.1 lM JTE013 (Supplemental Fig. 2). These

results were underscored by siRNA knockdown of S1P2 in

RAW264.7 cells (Fig. 3c). A significant S1P2 knockdown

to 60% (black bars) substantially reduced CM-M-dependent

ARG II induction to 70% (white bars) compared to controls.

Furthermore, the impact of S1P2 antagonism by JTE013

on ARG II expression was strengthened when using

CM-MNVP231, depleted in C1P (Fig. 3d, e). A similar

inhibition of ARG II upregulation was achieved through the

combination of JTE013 with the cyclooxygenase inhibitor

NS398 (Fig. 3f). These observations indicated that C1P as

well as autocrine PGE2 might cooperate with S1P to induce

ARG II.

ERK5 signaling contributes to CM-mediated ARG II

upregulation in MUs

To determine the signaling pathway activated by S1P2 in

more detail, we used specific inhibitors of protein kinases

that are downstream effectors of receptor signaling [32–

34]. Inhibition of Jak, p38 and PI3K, by the Jak inhibitor 1,

SB203580 or LY294002, did not alter ARG II expression,

while U0126, a MEK1/2/5 inhibitor, strongly reduced

CM-J-induced ARG II protein (Fig. 4a). MEK1/2 are

upstream kinases of ERK1/2, while MEK5 directly acti-

vates ERK5. To discriminate between ERK1/2 and ERK5

signaling involved in ARG II upregulation, we treated

RAW264.7 cells with CM-J from apoptotic Jurkat cells

where SMase or CDase were inhibited with GW4869 or

NOE. Although these modified conditioned media failed to

induce ARG II protein, they still induced ERK1/2 phos-

phorylation (Fig. 4b). Furthermore, high concentrations of

the ERK1/2 inhibitor PD98059 (50 lM) attenuated CM-M-

dependent ARG II upregulation, while lower doses

(10 lM) had no effect, despite inhibiting ERK1/2 phos-

phorylation (Supplemental Fig. 3). These observations

ruled out the involvement of ERK1/2 and suggested

ERK5 to upregulate ARG II. Having shown that CM-M

time-dependently induced ERK5 phosphorylation in

RAW264.7 MUs starting at 2 h and peaking at 6 h

(Supplemental Fig. 4), we corroborated the importance of

ERK5 in ARG II regulation by siRNA knockdown of

Fig. 2 AC-derived S1P is required for ARG II induction in

RAW264.7 MUs. a Scheme of the sphingolipid metabolism with

inhibitors used in this study. b Cells were incubated for 16 h with

CM-J or modified conditioned media from Jurkat cells with SMase

being inhibited with GW4869 or CDase with NOE, n C 3. c MUs

were stimulated for 16 h with CM-MNeo from MCF-7 cells with a

pSilencer 4.1-CMV neo control vector or CM-MsiSK2 from MCF-7

cells with a knockdown of SK2, n = 9. d RAW264.7 cells were

treated with authentic S1P for 16 h. The graph quantifies ARG II

expression. Asterisk marks statistically significant differences

(p B 0.05, n = 5). e MUs were stimulated as in (c). Additionally,

CM-MsiSK2 was combined with 150 nM S1P or cells were stimulated

with 150 nM S1P alone. The graph shows quantification of ARG II

expression. Asterisks mark statistically significant differences.

(*p B 0.05 and ***p B 0.0005, n C 4). ARG II expression in

RAW264.7 cells was determined by Western blot analysis
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ERK5, which was verified by Western blot analysis. A

significant reduction of ERK5 by roughly 50% (black bars)

considerably diminished CM-M-mediated ARG II protein

expression to approximately 50% (white bars) (Fig. 4c).

CREB facilitates CM-mediated ARG II upregulation

in MUs

As protein induction of ARG II by CM-M became detect-

able after 4 h and increased constantly up to 20 h (Fig. 1a),

we assumed transcriptional regulation to be involved. To

verify this presumption and to identify a possible tran-

scription factor, we performed an mpARG II analysis based

on luciferase reporter assays. For this purpose, we generated

mpARG II constructs by serial deletion of fragments using

different restriction enzymes (Fig. 5a). RAW264.7 MUs

were transfected with the respective mpARG II constructs

(mpARG II-1,856 bp, -1,359 bp, -442 bp or -262 bp),

further cultured for 24 h and stimulated with CM-J prior to

reporter analysis. CM-J induced mpARG II activity about

eightfold compared to unstimulated controls. Interestingly,

the 262-bp promoter construct still displayed CM-J-medi-

ated activity (Fig. 5b). In silico analysis of this 262-bp

fragment revealed, among others, a CREB binding site

(Fig. 5c). Considering that this transcription factor can in

fact be activated by ERK5 [35, 36], we decided to analyze

the effect of CM on CREB DNA-binding. For this purpose,

we incubated RAW264.7 cells with CM-M for 16 h and

isolated nuclear proteins, followed by EMSA analysis [20,

22]. CM-M significantly enhanced CREB binding (1.8-fold

compared to controls) to oligonucleotides containing the

mpARG II CRE site. This result was reinforced by super-

shift analysis using an anti-CREB-1 Ab (Fig. 5d). In

accompanying competition assays, an excess of unlabeled

oligonucleotides (25-, 50- or 100-fold excess of unlabeled

vs. labeled oligonucleotides) completely abolished binding,

while unlabeled oligonucleotides containing a mutation

in the CRE site had no effect (Fig. 5e). Finally, to demon-

strate the involvement of CREB in ARG II induction, we

used a decoy approach to scavenge active CREB in

Fig. 3 S1P signals through S1P2. a, b Cells were incubated for 16 h

with CM-M with or without the specific S1P1,3 antagonist VPC23019

or the S1P2 antagonist JTE013 at the indicated concentration.

Antagonists were pre-incubated for 45 min, n C 3. c MUs were

transfected with siRNA against S1P2 3 days prior to stimulation with

CM-M for 16 h. ARG II expression and S1P2 knockdown in

RAW264.7 cells were determined by Western blot analysis. The

graph shows quantification of the S1P2 knockdown and ARG II

expression. Asterisks mark statistically significant differences

(p B 0.05, n C 4). d Scheme of the conversion of sphingomyelin to

ceramide-1-phosphate with inhibitors used in this study. e Cells were

incubated for 16 h with CM-M or modified conditioned media from

apoptotic MCF-7 cells with CERK being inhibited with NVP231. The

antagonist JTE013 was added to MUs in the presence of CM-M or

CM-MNVP231 (n C 3). f RAW264.7 MUs were incubated for 16 h

with CM-M with or without JTE013 and NS398 (n C 5). In e, f ARG

II expression was determined by Western blot analysis. The graphs

show quantification of ARG II expression. Asterisks mark statistically

significant differences (p B 0.05)
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RAW264.7 MUs prior to its promoter binding to target

genes. We transfected RAW264.7 cells with 3-lM oligo-

nucleotides with the sequence of mpARG II, containing a

mutated vs. a non-mutated CREB binding site. After resting

for 48 h, RAW264.7 cells were stimulated with CM-M for

16 h, and ARG II was subsequently analyzed by Western

blot analysis. Indeed, decoy oligonucleotides blocked

CM-M-mediated ARG II protein induction, while the

mutated decoy oligonucleotides did not alter ARG II

expression (Fig. 5f).

S1P2 and ERK5 are required for CREB activation

and subsequent ARG II expression

To investigate a possible connection between S1P2 sig-

naling and ERK5 phosphorylation in the cascade provoking

ARG II upregulation, we analyzed the effect of the S1P2

antagonist JTE013 on CM-mediated ERK5 activation/

phosphorylation. Since endogenous ERK5 phosphoryla-

tion in RAW264.7 MUs is difficult to follow (see

Supplemental Fig. 3), we overexpressed HA-tagged

Fig. 4 ERK5 signaling induces ARG II. a RAW264.7 cells were

incubated for 16 h with CM-J and CM-J in combination with the Jak

inhibitor I, the PI3 K inhibitor LY294002, the p38 inhibitor

SB203580 or the MEK1/2/5 inhibitor U0126 at the indicated

concentration. Inhibitors were pre-incubated for 45 min, n C 3.

b Cells were incubated for 16 h with CM-J or modified conditioned

media from Jurkat cells with SMase or CDase being inhibited with

GW4869 or NOE, n C 3. c Transiently transfected RAW264.7 cells

(with siRNA against ERK5) were stimulated with CM-M for 16 h.

ARG II expression, ERK1/2 phosphorylation and ERK5 knockdown

in RAW264.7 MUs were determined by Western blot analysis. The

graph shows quantification of the ERK5 knockdown and ARG II

expression. Asterisks mark statistically significant differences

(p B 0.05, n C 4)
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ERK5N, FLAG-tagged MEK5 WT and MEKD in HEK293

cells. Compared to MUs they are easy to transfect and

appropriate for these studies because, like MUs, HEK293

cells express S1P1-3 [37]. Overexpression of HA-ERK5N,

FLAG-MEK5 WT and FLAG-MEK5D was confirmed by

Western blot analysis. Co-expression of HA-ERK5N,

which is a truncated form containing the TEY activation

motif targeted by MEK5, and FLAG-MEK5D, which is a

constitutive active form, was used as a positive control and

resulted in the strongest phosphorylation of ERK5N

(Fig. 6a, lane 9). HEK293 cells co-expressing HA-ERK5N

and FLAG-MEK5 WT were stimulated with CM-M.

CM-M time-dependently induced ERK5N phosphoryla-

tion, starting at 1 h and increasing up to 8 h (Fig. 6a, lane

3–7). ERK5N phosphorylation was normalized to the sum of

the expression of ERK5N and MEK WT [pERK5/

(MEK5 ? ERK5)]. ERK5N phosphorylation was initiated

by S1P2 because the specific antagonist JTE013 (10 lM)

significantly reduced CM-M-mediated ERK5N phosphory-

lation (Fig. 6a lane 8). Furthermore, 0.5 lM authentic S1P

also induced ERK5N phosphorylation, which peaked after

6 h of stimulation (Fig. 6b).

The link between S1P2, ERK5 and CREB activation was

then confirmed by EMSA analysis. The S1P2 antagonist

JTE013 and U0126, the inhibitor of the upstream kinase of

ERK5, reduced CREB binding to oligonucleotides con-

taining the mpARG II CRE site after 8 h as well as 16 h

(Fig. 6c, d).

Impact of S1P2 and ERK5 antagonism/inhibition

on MU M2-markers

Finally, we analyzed the contribution of S1P2 and ERK5 on

regulating other M2 markers in order to see how far effects

can be generalized. mRNA levels of ARG II, the mannose

receptor (CD206), IL-10 and VEGF were significantly

induced by CM-M (Fig. 7). IL-10 and VEGF are induced

by distinct pathways compared to ARG II, since

Fig. 5 CREB provokes ARG II induction. a Scheme of mpARG II

indicating the restriction enzymes used to generate promoter

constructs. b mpARG II activity was measured by luciferase reporter

assay. Therefore, transfected RAW264.7 cells were stimulated for

16 h with CM-J, n C 3. c Scheme of a 262 bp fragment of mpARG II

containing a GATA-1, HIF-1 and CREB binding site. d, e CM-M-

mediated CREB binding to mpARG II-oligonucleotides was ana-

lyzed by EMSA. d Cells were stimulated for 16 h with CM-M. A

supershift was performed with an anti-CREB-1 Ab. The graph shows

quantification of CREB binding to respective oligonucleotides.

Asterisks mark statistically significant differences (p B 0.0005,

n C 8). e Competition assays were performed with non-mutated

(UO) or mutated unlabeled oligonucleotides (mutUO) in 25-, 50- or

100-fold excess over labeled ones (xLO), n C 4. f Cells were

transiently transfected with mutated or non-mutated CREB decoy

oligonucleotides 48 h prior to stimulation with CM-M for 16 h. ARG

II expression was detected by Western blot analysis, n C 3

Fig. 6 Inhibition of S1P2 or MEK5 prevents CM-M-mediated phos-

phorylation of ERK5 and CREB binding. a, b HEK293 cells were

transiently co-transfected with pcDNA3-HA1-ERK5N and pcDNA3-

FLAG1-MEK5 WT or pcDNA3-FLAG1-MEK5D and kept in FCS-free

medium overnight. a Cells were incubated with CM-M for the indicated

time with or without the S1P2 antagonist JTE013, which had been pre-

incubated for 45 min. The graph shows quantification of CM-M-mediated

ERK5N phosphorylation normalized to the sum of the expression of

ERK5N and MEK WT [pERK5/(MEK5 ? ERK5)]. Asterisk marks

statistically significant differences (p B 0.05, n C 3). b Cells were

stimulated with 0.5 lM authentic S1P for the indicated time period.

ERK5N phosphorylation, HA-tag and FLAG-tag overexpression were

analyzed by Western blot analysis, n C 3. c, d CREB DNA-binding was

determined by EMSA. RAW264.7 MUs were incubated with CM-M with

or without the S1P2 antagonist JTE013 or the MEK inhibitor U0126 at the

indicated concentration for 8 h or 16 h. Antagonists or inhibitors were

pre-incubated for 45 min, n C3. For details, see Materials and methods

b
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pharmacological inhibition/antagonism of ERK5 by U0126

and S1P2 by JTE013 neither consistently prevented IL-10

nor VEGF expression. VEGF mRNA was even signifi-

cantly increased by JTE013. This observation corroborates

a previous study reporting a S1P2-dependent negative

regulation of angiogenesis in endothelial cells [38]. On the

contrary, CM-M-dependent CD206 induction was signifi-

cantly reduced by JTE013 as well as U0126, indicating that

this polarization marker might be regulated in parallel to

ARG II. Furthermore, neither S1P2 nor ERK5 antagonism/

inhibition affected iNOS protein expression, but restored,

at least in part, IFNc-dependent NO formation in MUs pre-

incubated with CM-M (Supplemental Fig. 8).

We conclude that S1P in CM activates S1P2 on MUs,

with ERK5 signaling, CREB activation and subsequent

ARG II upregulation being downstream signaling events

(Fig. 8).

Discussion

Recently, we reported that pre-incubation of MUs with CM

impaired IFNc-mediated NO production by an increase in

ARG II expression, which competed with inducible NO

synthase for the common substrate L-arginine [2]. Con-

sidering the lack of information on the molecular

mechanisms of ARG II expression, we aimed at under-

standing how CM induced ARG II. First, we excluded a

protein factor to modulate ARG II expression. However,

bioactive glycerophospholipids and sphingolipids, such as

lysophosphatidylcholine, lysophosphatidic acid, ceramide,

C1P, sphingosine or S1P, are involved in cellular signaling

[39, 40], some of which are released from ACs [19, 26]. To

characterize the potential ARG II promoting lipid factor

present in CM, we sequentially inhibited lipid metabolizing

enzymes in apoptotic cells. Specifically, blocking sphin-

golipid metabolism in ACs attenuated ARG II expression,

thus pointing to the importance of sphingolipids and in

particular S1P. The contribution of S1P was underscored

by using CM from MCF-7 cells with a SK2 knockdown,

which contained reduced S1P amounts in comparison to

normal CM [20]. Indeed, induction of ARG II by CMsiSK2

was minor, but could be restored by substituting 150 nM

authentic S1P. Moreover, 0.5 lM authentic S1P induced

ARG II protein expression by itself. This was weak com-

pared to the action of CM and suggests a second factor

secreted/released from ACs to be involved. This unidenti-

fied factor either directly amplifies S1P signaling or

indirectly stimulates autocrine signaling by MUs. To this

end we used a suboptimal concentration of CM, which only

marginally induced ARG II. Substituting increasing doses

of authentic S1P failed to restore ARG II expression

compared to active CM (Supplemental Fig. 5). This

experiment underscores the role of the postulated second

factor, since its dilution could not be rescued by S1P.

Based on pharmacologic inhibition of SK with dimeth-

ylsphingosine (DMS), we originally excluded S1P as a

Fig. 7 Impact of S1P2 and MEK5 inhibition on MU polarization

markers. Cells were incubated for 16 h with CM-M with or without

the S1P2 antagonist JTE013 or the MEK inhibitor U0126 at the

indicated concentration. Antagonists or inhibitors were pre-incubated

for 45 min. The expressions of ARG II, CD206, IL-10 and VEGF

were analyzed by real-time PCR and normalized to 18S rRNA, n C 3

Fig. 8 Schematic summary of ARG II upregulation by CM. S1P in

CM contributes to ARG II induction by binding to S1P2 to activate

ERK5 and subsequently CREB. Besides S1P, a second factor,

possibly C1P, is required for ARG II upregulation and may induce

signaling upstream or downstream of ERK5. ARG II contributes to

alternative MU activation by impairing NO production
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mediator of ARG II expression [2]. Since DMS is rather

unspecific and, for example, causes activation of the epi-

dermal growth factor receptor [42], which in turn can

activate ERK5 signaling [43], the use of DMS could have

led to deceiving assumptions.

Five S1P G protein-coupled receptors (S1P1–5) are

identified, and murine MUs predominantly express S1P1

and S1P2 [27, 28]. Antagonizing S1P2 with JTE013 and its

siRNA knockdown suggested that this receptor signals

towards ARG II induction. The specificity of JTE013 in

CM-mediated ARG II upregulation was underscored since

it had no effect on other ARG II upregulating stimuli such

as forskolin or PGE2 (data are not shown). The relevance of

S1P2 signaling was strengthened when JTE013 blocked

CM-mediated ARG II upregulation in primary murine

peritoneal MUs from C57BL/6 mice (Supplemental

Fig. 6). Similar to our observations, Jiang et al. [44]

reported that S1P signals through S1P2 in RAW264.7 MUs,

thereby enhancing cAMP accumulation triggered by iso-

proterenol and PGE2, while having a minor effect by itself.

Thus, synergistic signaling of S1P with other mediators

does not seem unusual. C1P could be another factor since it

acts synergistically with S1P in human alveolar epithelial

cells. S1P and C1P, while having minor effects by them-

selves, potentiated the production of PGE2 [41]. Initial

experiments towards the identification of secondary factors

were successful. In our case CMNVP231, depleted in C1P,

was less effective in inducing ARG II compared to ordin-

ary CM. This suggests that like in epithelial cells, S1P and

C1P may synergize to enhance PGE2 production in MUs,

which subsequently contributes to ARG II expression.

Along this line, blocking cyclooxygenase with NS398

reinforced JTE013-dependent inhibition of CM-induced

ARG II expression.

Pharmacologic inhibition of established downstream

effector kinases of S1P revealed that inhibition of MEK1/2/5,

which are direct upstream kinases of ERK1/2/5, pre-

vented CM-mediated ARG II induction. A direct role of

ERK1/2 was excluded, since modified conditioned media

that failed to induce ARG II still allowed ERK1/2 phos-

phorylation and the ERK1/2 inhibitor PD98059 that

prevented CM-mediated ERK1/2 phosphorylation did not

attenuate ARG II expression (Supplemental Fig. 3).

Therefore, we assumed ERK5 to be important and used a

ERK5 siRNA knockdown to prove this. Beside similarities

in their activation motif (threonine-glutamic acid-tyrosine),

ERK5 and ERK1/2 share some actions in regulating cell

proliferation and differentiation. Unlike other MAP kina-

ses, ERK5 not only transmits signals by phosphorylation,

but also contains a C-terminal transcriptional activation

domain [24]. Although ERK5-mediated cellular responses

in cancer cells [45, 46], cell survival or cell proliferation

[35, 43] are reported, little is known about its role in MUs.

One study reported LPS-mediated activation of ERK1/2,

c-Jun N-terminal kinase/stress-activated protein kinase,

p38 and ERK5 to synergize in TNF-a gene expression in

MUs [47]. Furthermore, ERK5 is indispensable for optimal

colony-stimulating factor 1 (CSF-1)-induced survival and

proliferation of monocytes/macrophages [48]. Thus, our

results suggest a so far unappreciated role of ERK5 in

regulatory MU activation that is characterized by impaired

NO production. The simultaneous upregulation of ERK5

and ARG II in breast and prostate cancer might suggest

ERK5-mediated induction of ARG II also in these cases

[12, 15, 45, 46]. A further hint for the importance of ERK5

in alternative MU activation was provided when AC

induced PPARd [49]. Since a ERK5/PPARd association

enhanced PPARd transcriptional activity in a myoblast cell

line [50], one could speculate that ERK5-dependent

PPARd activation contributes to regulatory MU polariza-

tion. These reports, along with our data, point to a crucial

role of ERK5 in developing and maintaining a regulatory

MU phenotype.

Transcriptional ARG II regulation was substantiated by

mpARG II promoter analysis. Promoter deletion pointed to

a 262-bp fragment upstream of the start codon to suffi-

ciently drive luciferase reporter expression. In silico

analysis of this fragment predicted binding sites for several

transcription factors, including HIF-1, GATA-1 and CREB.

There have been reports showing that CREB is activated by

ERK5 [35, 36]. Watson et al. reported that the ERK5

pathway, triggered by neurotrophins was necessary for

CREB-mediated survival of neurons. Expression of a

dominant-negative MEK5 prevented ERK5 activation as

well as CREB phosphorylation. Stimulated by these

observations, we investigated the impact of CREB in CM-

mediated ARG II upregulation. Indeed, EMSA, including

competition assays and supershift analysis, as well as a

CREB decoy-oligonucleotide approach, demonstrated its

importance for CM-mediated ARG II induction. Previous

studies reported that ARG II mRNA is upregulated by

8-bromo-cAMP [8]. Even though molecular mechanisms

were not elucidated, studies may imply a cAMP/CREB

axis. We upregulated ARG II in RAW264.7 MUs via

cAMP, by activating adenylate cyclase with 100 lM for-

skolin (Supplemental Fig. 7), which further implies a

contributing role of CREB. Interestingly, authentic S1P

induced ERK5 phosphorylation, and S1P in CM may

directly bind to S1P2. This receptor couples to Gq and G12

proteins [51], which are known to activate ERK5 [52]. Our

findings go along with previous studies showing that S1P

activates CREB in, e.g., vascular smooth muscle [32] and

breast cancer cells [53]. In vascular smooth muscle cells,

CREB activation was proposed to be ERK1/2-mediated

based on the use of PD98059 and U0126 [32]. Meanwhile,

it became evident that these inhibitors, originally assumed
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to be specific for MEK1/2, also inhibit the MEK5/ERK5

pathway. Thus, there is room for speculation that in vas-

cular smooth muscle S1P also triggers CREB activation via

ERK5.

Our study suggests that CM contributes to establishing a

regulatory MU phenotype by activating ERK5/CREB and

subsequent ARG II upregulation, which attenuates NO

production. This pathway may contribute to inducing other

macrophage activation markers such as CD206, and thus its

analysis contributes to better understanding MU phenotype

characteristics.
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