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GM-CSF- and M-CSF-primed macrophages present
similar resolving but distinct inflammatory lipid
mediator signatures
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ABSTRACT: M1 and M2 activated macrophages (Mds) have different roles in inflammation. Because pathogens may first
encounter resting cells, we investigated lipid mediator profiles prior to full activation. Human monocytes were dif-
ferentiated with granulocyte M colony-stimulating factor (GM-CSF) or M colony-stimulating factor (M-CSF), which
are known to prime toward M1 or M2 phenotypes, respectively. Lipid mediators released during resting conditions and
produced in response to bacterial stimuli (LPS/N-formylmethionyl-leucyl-phenylalanine or peptidoglycan) were
quantified by liquid chromatography-mass spectrometry. In resting conditions, both M¢ phenotypes released pri-
marily proresolving lipid mediators (prostaglandin E, metabolite, lipoxin A4, and 18-hydroxyeicosapentaenoic acid).
A striking shift toward proinflammatory eicosanoids was observed when the same cells were exposed (30 min) to
bacterial stimuli: M-CSF Mds produced considerably more 5-lipoxygenase products, particularly leukotriene C,,
potentially linked to M2 functions in asthma. Prostaglandins were formed by both M types. In the M-CSF cells,
there was also an enhanced release of arachidonic acid and activation of cytosolic phospholipase A,. However,
GM-CSF cells expressed higher levels of 5-lipoxygenase and 5-lipoxygenase-activating protein, and in ionophore
incubations these cells also produced the highest levels of 5-hydroxyeicosatetraenoic acid. In summary, GM-CSF and
M-CSF Mds displayed similar proresolving lipid mediator formation in resting conditions but shifted toward
different proinflammatory eicosanoids upon bacterial stimuli. This demonstrates that preference for specific eicos-
anoid pathways is primed by CSFs before full M1/M2 activation.—Lukic, A., Larssen, P., Fauland, A., Samuelsson,
B., Wheelock, C. E., Gabrielsson, S., Radmark, O. GM-CSF- and M-CSF-primed macrophages present similar re-
solving but distinct inflammatory lipid mediator signatures. FASEB ]J. 31, 4370-4381 (2017). www.fasebj.org
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Macrophages (Mds) orchestrate the inflammatory process
from early onset to the resolution phase (1, 2). A major
issue in M¢ biology is to characterize functional pheno-
types, currently described as a heterogeneous spectrum of
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activated states, from M1 to M2 (3, 4). Stimulating factors,
such as cytokines and pathogens, can induce specific phe-
notypes: originally IFN-y + LPS activation resulted in a
proinflammatory M1 state, whereas IL-4 activation induced
the alternatively activated M2 state. Polarized cells express
distinct markers, such as transcription factors, cytokines,
and surface markers; these are the main tools to define M
phenotypes. A number of transcripts have been reported to
differ between M1 and M2 Més, including mRNAs for
enzymes involved in eicosanoid metabolism (5).
Eicosanoids originate from arachidonic acid (AA), re-
leased from membrane phospholipids by phospholipases,
typically cytosolic phospholipase A; (cPLA;) (6). Free AA
is further metabolized viz 3 enzymatic pathways: lip-
oxygenase (LO), cyclooxygenase (COX), and cytochrome
P450 (CYP), leading to leukotrienes (LTs), hydrox-
yeicosatetraenoic acids (HETEs), prostaglandins (PGs),
and epoxyeicosatrienoic acids (EpETrEs). By transcellular
pathways AA can be converted to proresolving lipoxins
(LXs), generated via 15-LO-1 and 5-LO or by 5-LO and

0892-6638/17/0031-4370 © FASEB

om www.fasebj.org by (2601:644:100:2d94:f8c5:1698:7f 7f:fc51) on February 11, 2019. The FASEB Journal Vol. ${ article.issue.getVolume()}, No. ${ article.issue.getl ssueNumber()}, |


http://www.fasebj.org
http://www.fasebj.org
mailto:olof.radmark@ki.se
http://www.fasebj.org

12-LO (7). Recently it was reported that LXA, and 15-epi-
LXA, could also be formed within one cell type (murine
RAW264.7 and bone marrow—derived Mds) (8). Depend-
ing on the expression and activation of eicosanoid-forming
enzymes and their proximity to cPLA,, cells may prefer-
entially shunt AA toward one of these pathways (6). Lip-
idomic analysis has been applied to study AA metabolism
in mouse peritoneal Mds (9), RAW264.7 Mds (10, 11),
mouse mast cells (12), and Més from mouse lung tumors
(13). Lipid mediators released from fully activated M1 and
M2 human Mds have also been determined (14).

Fully activated M1/M2 Mds may be considered as
endpoints of the corresponding activation (or differentia-
tion) schemes. However, M¢ differentiation leads to a
diverse spectrum of cell types (4). Here we aimed to de-
termine eicosanoid production in M¢ phenotypes before
their full activation because this is likely the state of the
cell when pathogens are encountered. We therefore used
cells differentiated with only granulocyte M¢ colony-
stimulating factor (GM-CSF) or M¢ colony-stimulating
factor (M-CSF), which have been described to prime Mds
toward M1 and M2 phenotypes, respectively, but not to
the fully activated states (15). Lipid mediators released
spontaneously to the cell culture medium during 24 h or
produced in response to bacterial alarm signals with
30-min incubations with LPS/N-formylmethionyl-leucyl-
phenylalanine (fMLP) and peptidoglycan (PGIN) were an-
alyzed by liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS). We found that the two Mdé types
released mainly proresolving lipid mediators in resting
conditions, suggesting that both phenotypes could support
maintenance of tissue homeostasis in the steady state. Upon
bacterial stimulation, both M¢ types promptly shifted to-
ward inflammatory eicosanoids, but with different profiles.

MATERIALS AND METHODS

All materials were purchased from Sigma-Aldrich (St. Louis,
MO, USA) unless otherwise stated.

Cell preparation and differentiation

GM-CSF- and M-CSF-differentiated M¢s were prepared from
primary monocytes isolated from buffy coats of healthy human
donors (Karolinska Hospital Blood Bank). Peripheral blood
mononuclear cells were isolated by gradient centrifugation with
Ficoll-Paque Premium (GE Healthcare, Uppsala, Sweden) and
seeded at5 X 10° cells/ml for 2 h, allowing monocytes to adhere
to plastic cell culture plates. Cells were then vigorously washed
twice with PBS to remove lymphocytes. Finally, monocytes were
differentiated for 7 d in RPMI 1640 medium supplemented with
glutamine, 10% fetal bovine serum, 100 mg/ml streptomycin,
100 U/ml penicillin, 1X nonessential amino acids, and 25 mM
HEPES. Recombinant human GM-CSF (10 ng/ml) or recombi-
nant human M-CSF (10 ng/ml) was added. Cells were supplied
with fresh medium and cytokines on d 3 and 6. All analyses were
performed with cells and medium collected on d 7.

Phenotypic characterization of Mds by ELISA and
flow cytometry

Cell culture medium collected after the last 24 h of differentiation
(d 7) was analyzed for IL-6 and -10 by ELISA (Mabtech,
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Stockholm, Sweden). Cells were also phenotyped by flow
cytometry as described by Esser ef al. (16). Cells were stained
using the following markers: FITC-labeled anti-HLA-DR, DC-
SIGN, CD80 (BioLegend, San Diego, CA, USA); CD14, TLR-2
(BD Biosciences, San Diego, CA, USA); PE-labeled anti CD54
(BioLegend); CD86 (BD Biosciences); and the corresponding
isotype controls. Phenotypes were analyzed by FACS Canto (BD
Biosciences) and Flow]o software (Tree Star, Ashland, OR, USA).

Incubations with bacterial stimuli

Incubations were performed with adherent GM-CSF and M-CSF
Mds. After 7 d, medium was replaced by 2 ml/flask PBS con-
taining 1 mg/ml glucose and 1 mM CaCl,. Cells (1.1-1.8 X 10°)in
2 ml were stimulated with LPS (1 pg/ml) for 20 min followed by
fMLP (1 M) for 10 min. Alternatively, cells were stimulated with
PGN (100 pg/ml) for 30 min. Reactions were stopped by 2 mlice-
cold methanol. Cell remains were scraped to collect the entire
incubates and stored at —80°C until extraction, and LC-MS/MS
analysis was performed. For each donor, an additional flask per
phenotype was prepared for cell counting on d 7. M¢s were also
incubated with 40 uM arachidonic acid together with 5 uM
A23187 for 10 min at 37°C in 1 ml PBS containing 1 mg/ml
glucose and ImM CaCl,. The reaction was stopped by adding
1 ml of methanol with internal standards.

Lipid mediator analysis by LC-MS/MS

A previously published stable isotope dilution LC-MS/MS
method was used for lipid mediator quantification (17), with
slight modification to include the cysteinyl leukotrienes (Cys-LTs)
LTC,4, LTD,, and LTE,. Aliquots of conditioned cell culture me-
dium (1 ml) or stopped cell incubates (0.5 ml) were centrifuged at
10,000 g for 10 min at 4°C. To the supernatants, 1.5 or 2 ml of
citrate/phosphate buffer (0.1 and 0.2 mM, pH 5.6), respectively,
were added, and solutions were spiked with an internal standard
mixture. The calibration levels and internal standards are pro-
vided in Balgoma et al. (17), except for the Cys-LTs (Supplemental
Table 2). Lipid mediators were extracted using 3 ml/60 mg
Evolute Express ABN solid-phase extraction (SPE) cartridges
(Biotage, Uppsala, Sweden) on an Extrahera sample handling
system (Biotage). SPE columns were conditioned with 2.5 ml
methanol (N, positive pressure [pp], 1.3 bars for 90 s) and
equilibrated with 2.5 ml water (N, pp, 1.5 bars for 90 s). Samples
were loaded onto the SPE cartridges (N, pp, 1.5 bars for 180 s
followed by 3 bars for 30 s). Cell samples were washed with 2 ml
of water and cell supernatant samples with 2 ml of water/
methanol (80:20, v/v) (N, pp, 1.5 bars for 120 s). Then cartridges
were dried using a N pp gradient (1.2 bars for 120 s followed by 5
bars for 750 s). Lipids were eluted with 2.5 ml of methanol (N, pp,
1 bar for 250 s followed by 5 bars for 150 s). Eluates were evap-
orated in a gentle stream of N, gas until dryness onto an auto-
mated TurboVap LV evaporation system (Biotage). Extracts were
reconstituted in 70 pl of methanol/water (6:1, v/v) and filtered
by centrifugation using 0.1 wm membrane spin filters (Merck
Millipore, Billerica, MA, USA). Samples were then transferred to
autosampler vials for LC-MS/MS analysis. LC-MS/MS separa-
tion and quantification were performed on an UPLC Acquity-
Xevo TQ-S mass spectrometer system (Waters, Milford, MA,
USA). The autosampler and column were kept at 5 and 60°C,
respectively. The injection volume was set to 7.5 ul. Separation
was achieved with an Acquity UPLC BEH C18 (2.1 X 150 mm,
1.7 wm) (Waters). Chromatographic and MS conditions were used
as previously described (17). For quantification of the CysLTs, a
second injection of each sample was performed in positive elec-
trospray ionization mode with the following chromatographic
conditions: solvents A (water with 0.2% of formic acid) and B
(acetonitrile/isopropanol 90:10, v/v + 0.2% formic acid) at a flow
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of 0.45 ml/min. The gradient was initiated with 60% of solvent
A, which was decreased linearly to 50% at 4.25 min and to 5%
at 4.5 min. The column was then washed with 95% of solvent B
for 3 min and equilibrated to initial conditions. Detailed multiple
reaction monitoring transitions and chromatographic retention
times are reported in Balgoma et al. (17), except for the Cys-LTs
(Supplemental Table 3).

Analysis of LTs and 5-HETE by HPLC UV detection

Cell incubations to be analyzed by HPLC ultraviolet detection
were stopped by the addition of 1 ml of methanol containing in-
ternal standards (150 pM PGB, and 150 pM 17-OH-C22:4; kind
gifts from M. Hamberg, Karolinska Institutet) and kept at —20°C
for at least 1 h before extraction. Samples were centrifuged at 10,000 ¢
for 10 min at 4°C, and supernatants (~2 ml) were mixed with 2 ml
citrate/ phosphate buffer pH 5.6. SPE on C18 and HPLC ultraviolet
detection were performed as described by Lukic et al. (18).

SDS-PAGE and Western blotting

Western blot was performed as described by Esser et al. (16). After
transfer, nitrocellulose membranes (GE Healthcare) were ana-
lyzed with the following antibodies: in-house purified rabbit
polyclonal against 5-lipoxygenase (5-LO, 1:500 dilution), 5-LO
activating protein (FLAP) (1:300), LTA4 hydrolase (1:700), LTC,4
synthase (1:300), 15-LO (1:500), and in-house purified chicken
polyclonal against coactosin-like protein (CLP, 1:500). Mouse
monoclonal antibody against y-glutamyl transpeptidase 1
(GGT1, 1:500) was from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Rabbit polyclonal antibody for cPLA; and phos-
phorylated cPLA, (P-cPLA,; both used at 1:1000) were from Cell
Signaling Technology (Danvers, MA, USA). Rabbit polyclonal
antibody against thromboxane (Tx)A synthase (1:1000), COX1
(1:500), and microsomal prostaglandin E synthase (mPGES)1 and
-2 (mPGES], 1:200; mPGES2, 1:500) were purchased from Cayman
(Ann Arbor, MI, USA). A peroxidase-conjugated primary antibody
against B-actin (1:22000 dilution) and peroxidase-conjugated sec-
ondary antibodies (1:2000—1:4000) were from Sigma. Protein bands
were detected by enhanced chemiluminescence with a Li-Cor
scanner (Lincoln, NE, USA). After scanning, band intensity was
calculated with Odyssey Imaging software (Li-Cor).

Data analysis

Statistical analysis was performed with GraphPad Prism 5 soft-
ware (GraphPad Software, La Jolla, CA, USA). Groups were
compared with paired Student’s t test and 1-way ANOVA,
Bonferroni, or Dunn correction. Values of P < 0.05 were con-
sidered statistically significant.

RESULTS

GM-CSF and M-CSF lead to distinct
Md phenotypes

We analyzed markers commonly associated with the M1
and M2 states (15). First, we measured IL-6 and -10 in cell
culture medium from the final 24 h of differentiation. GM-
CSF Mds released higher amounts of proinflammatory IL-
6, whereas anti-inflammatory IL-10 release was higher in
M-CSF M¢s (Fig. 1A). Next, we observed that CD86 and
ICAM-1, cell surface markers commonly associated with
inflammation, were higher in GM-CSF cells (Fig. 1B). For
HLA-DR and DC-SIGN, the mean fluorescence intensity
ratios were similar for the two phenotypes. In comparison,
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for fully activated M1 cells (GM-CSF with addition of LPS
and IFN-y final 24 h), the relative increments of CD86 and
ICAM-1 were more prominent, and HLA-DR and CD80
were up-regulated. Fully activated M2 cells (M-CSF with
addition of IL-4 final 24 h) displayed increased DC-SIGN
(data not shown). These observations support that the
Mds obtained with only GM-CSF or M-CSF were not fully
activated but were differentiated toward M1 or M2 states,
respectively. We also studied surface markers involved in
LPS- and PGN-mediated signaling pathways. CD14,
which is required for responses to LPS mediated by TLR4
and which may enhance responses to PGN mediated by
TLR2 (19), was higher in M-CSF cells, as observed before
for M2 (5). The mean fluorescence intensity ratio for TLR2,
mediating PGN effects, was comparable between the 2 cell
types (Fig. 1B). However, M-CSF Mds were characterized
by a higher percentage of TLR2-positive cells (data not
shown). Overall, the results support that GM-CSF and
M-CSF induced differentiation of monocytes toward the M1
and M2 endpoints, without fully reaching these endpoints.

Basal and induced formation of lipid
mediators in GM-CSF and M-CSF Mds

Lipid mediator formation was analyzed by LC-MS/MS in
two types of samples. Basal release of mediators was de-
termined by extraction of the conditioned cell culture
medium present during the final 24 h of differentiation.
Induced formation of eicosanoids was determined by in-
cubating the differentiated washed Mds with bacterial
stimuli. These were LPS/fMLP (LPS is a TLR4 agonist of
Gram-negative bacteria) or PGN for 30 min (PGN is a
TLR2 agonist of Gram-positive bacteria).

Basal lipid mediator formation

The most abundant AA-derived eicosanoids found in the
conditioned medium were the PGE, metabolite tetranor-
PGEM and LXA, (Fig. 24, B), whereas essentially no LTs
were observed in the conditioned medium (Supplemental
Table 1). Similar amounts of tetranor-PGEM were released
from both cell types, whereas M-CSF Mds produced
~50% more LXA,; compared with GM-CSF cells. The
identity of LXA4 was confirmed by MS/MS analysis (/z
351, 271, 217, 115) (Supplemental Fig. 1), and LXA4 was
~10-fold higher in conditioned medium compared with
plain medium controls. TxB, was in the same range as for
LXA,4, with 50% more secreted from M-CSF cells (Fig. 2C).
Resting GM-CSF M¢s released more CYP-derived me-
tabolites in comparison to M-CSF Mds. The epoxides 11
(12)-EpETrE and 14 (15)-EpETrE were detected (Fig. 2D, E),
as well as the corresponding vicinal diols (Fig. 2F, G).
The eicosapentaenoic acid (EPA) metabolite 18-HEPE,
an intermediate in resolvin E (RvE) formation (20), was
more abundant in medium from M-CSF cells (Fig. 2H)
(20). 14,15-DiHETE, a CYP product of EPA, showed the
opposite trend (Fig. 2I). 17,18-DiHETE, which has re-
cently been associated with outcomes in patients with
implantable cardioverter defibrillators (21), was equally
high in medium from both M¢ types (Fig. 2]). M-CSF Mds
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Figure 1. GM-CSF and M-CSF prime differentiation of Mds toward M1 and M2 phenotypes. M¢s were differentiated from human
monocytes in the presence of GM-CSF (10 ng/ml) or M-CSF (10 ng/ml) for 7 d. Cytokine release and surface markers associated
with the M1 and M2 states were analyzed by ELISA (A) and flow cytometry (B). Data are presented as means * st. ELISA data are
based on 6 donors. Flow cytometry data are based on 7 donors for all markers except TLR2 (n = 5). Values of P < 0.05 were

considered significant. *P < 0.05, **P < 0.01.

released twice the amount of docosahexaenoic acid—
derived 8-hydroxy docosahexaenoic acid, a potential
marker of oxidative stress (Fig. 2K). 9-KODE was the most
abundant linoleic acid metabolite found in cell culture
medium, followed by 9,10,13-Tri-HOME (Fig. 2L).

Bacterial stimuli induce different eicosanoids

The same GM-CSF and M-CSF Mds were incubated with
LPS followed by fMLP or with peptidoglycan for 30 min.
Regarding AA metabolites, LTB, was formed in similar
amounts in both GM-CSF-derived and M-CSF-derived
cells. LPS/fMLP was the more efficient stimulus compared
with peptidoglycan (Fig. 3A4). LTC, was the clearly domi-
nant LT in incubations of M-CSF Ms, and the average level
was more than 10-fold higher compared with GM-CSF
Mds. The capacity for Cys-LT formation varied consider-
ably between donors, but the levels were consistently lower
in GM-CSF cells. Considering the role of Cys-LTs in T-helper
2—driven asthma, it is of interest that M2 Mds have been
emphasized in allergic asthma and inflammation (22). The

EICOSANOIDS IN GM-CSF- AND M-CSF-PRIMED MdS

levels of LTD, were 7-15% of LTC, (Supplemental Table 1),
confirming that LTC, metabolism is inefficient in short-time
incubations of monocytic cells (18). Also in GM-CSF Mds,
further conversion to LTD, was low, although cells showed
a clear glutamyl transpeptidase 1 Western blot band (Fig. 4).

5-HETE was the dominant monohydroxy acid formed
in the M¢ incubations, being about 5-fold higher than
12-HETE (incubations with LPS/fMLP) and about 20-fold
more compared with 15-HETE (Fig. 3C-E and Supple-
mental Table 1). 5-HETE followed the same pattern as
LTC (i.e., it was most abundant in M-CSF—-derived cells
incubated with LPS/fMLP). LXA,, which was a major
eicosanoid released into the cell culture medium, was a
minor product in these 30-min cell incubations (Fig. 3F).
Among COX products (Fig. 3G-K) in the incubations with
bacterial stimuli, TxB, and 12-hydroxyheptadecatrenoic
acid (a side product in thromboxane biosynthesis) domi-
nated, with similar amounts formed in both GM-CSF and
M-CSF Mds. Also, PGD, was produced, particularly in
incubations of GM-CSF cells with LPS/fMLP. Less PGE,
appeared in the incubations, although PGEM was abundant
in the conditioned cell culture medium. As a group, CYP
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Figure 2. Basal formation and release of lipid mediators from resting GM-CSF- and M-CSF—differentiated Mds were determined by analysis
of conditioned cell culture medium from the final 24 h of the 7-d differentiation period. Cell culture medium was collected on d 7, and 1 ml
of medium (corresponding to ~200,000 cells) was extracted and analyzed by LC-MS/MS. Amounts (ng/ 10° cells) of metabolites LXA, (A),
tetranor-PGEM (B), TxBo (), 11(12)-EpETrE (D), 14(15)-EpETYE (F), 11,12-DiIHETYE (F), 14,15DiHETYE (G), 18HEPE (H), 14,15-DiHETE
(1), 17,18 DIHETE (), 8-hydroxy docosahexaenoic acid (8-HDoHE) (K), and %-KODE (L) are shown. Data are presented as means = Sk
of 16 separate cell cultures, 8 donors, and 2 cultures of each cell type from each donor (n = 16). *P < 0.05, **P < 0.01, ***P < 0.001.

products were the least abundant eicosanoids formed.
However, a striking difference between the 2 Md¢ pheno-
types was observed for 5,6-EpETrE, which was 5-6 times
higher in incubations of M-CSF cells (Fig. 3L). The vicinal
diols 11,12-DiHETYE and 14,15-DiHETYE were recovered
in all conditions (Supplemental Table 1) but in considerably
lower amounts compared with the cell culture medium
(Fig. 2).

?I;n incubations with bacterial stimuli, M-CSF Mds pro-
duced higher amounts of EPA-derived 5-HEPE in com-
parison to GM-CSF Més and more prominently upon
LPS/fMLP (Fig. 3M). This was similar as for 5-HETE
(Fig. 3C); both are 5-LO products. Another abundant
EPA-derived metabolite was TxB;, which was formed in
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similar amounts in GM-CSF and M-CSF Més (Fig. 3N), as
observed also for TxB, (Fig. 3G). Among docosahexaenoic
acid—derived products, the RvD intermediate 17-hydroxy
docosahexaenoic acid was most abundant, being 1.5 times
higher in M-CSF M¢s with both bacterial stimuli (Fig. 30).
The most abundant linoleic acid metabolite was 13-HODE,
which was formed in similar amounts in both M¢ types
(Supplemental Table 1).

Expression of eicosanoid-forming enzymes is
different in GM-CSF and M-CSF Mds

In Western blots, several enzymes for LT biosynthesis,
including cPLA,, 5-LO, and FLAP, were expressed to
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higher levels in GM-CSF M¢s compared with M-CSF cells
(Fig. 4A, B). The literature on 5-LO in M1 and M2 Més is
controversial. Higher 5-LO and FLAP protein expression
has been reported for M1 (23), whereas other reports
showed that ALOX5 mRNA was higher in M2 compared
with M1 (5, 24). CLP, the other 5-LO accessory protein that
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also binds to F-actin, was slightly higher in M-CSF Mds,
whereas LTA, hydrolase was equally expressed in both
cell types. IL-4-inducible 15-LO (ALOX15) has been in-
cluded as phenotypical marker for M2 differentiation (3),
and our M-CSF Mds expressed higher levels of 15-LO
protein, in line with M2 transcriptome reports (5, 24).
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LTC, synthase was determined in nuclear fractions
prepared from Mds. For the LTC4 synthase monomer
(17 kDa), the protein level was about 2-fold higher in GM-
CSF cells compared with M-CSF cells (Fig. 4C). As ob-
served previously (16), bands at higher molecular weight
were observed, compatible with the presence of LTC,
synthase dimers and trimers (data not shown). This may
reflect the homotrimeric crystal structure of LTC, synthase
(25). Also, in leukocytes LTC,4 synthase can form com-
plexes with FLAP (26).

We found similar COX-1 protein expression in the GM-
CSF and M-CSF Mds, whereas COX-2, which is induced in
Mds during inflammation (6), was not detectable. In pre-
vious transcriptome analyses of fully activated M1/M2
cells, COX-1 mRNA was higher in M2, whereas COX-2
dominated in M1 (5, 24). TxA synthase protein expression
was comparable in GM-CSF and M-CSF Mds, whereas
both mPGES-1 and mPGES-2 were higher in GM-CSF cells.

Prompt activation of cPLA, in M-CSF Mds
leads to high release of AA

The metabolite data on PG formation in the incubations
with LPS/fMLP or peptidoglycan correspond with rela-
tive enzyme abundance, whereas this was not the case for
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the 5-LO pathway. M-CSF Mdés produced more 5-LO-
derived metabolites when stimulated with bacterial
agonists in comparison to GM-CSF Més (Fig. 3). This
contrasted with the expression of cPLA,, 5-LO, FLAP, and
LTC, synthase, which was higher in GM-CSF M¢s (Fig. 4).
In the incubations with bacterial stimuli, eicosanoids were
produced from endogenous substrate, and, in agreement
with the higher 5-LO product formation, M-CSF Mds re-
leased more AA compared with GM-CSF Mds (Fig. 5A).
The amounts of AA released in M-CSF Mds were 2-3% of
total AA, according to a recent fatty acid analysis of similar
cells (27). On the other hand, in incubations with iono-
phore together with exogenous AA, formation of 5-HETE
was highest in GM-CSF cells, which corresponded to
the 5-LO protein expression (Fig. 5B). A possible reason for
this discrepancy is the more efficient release of endoge-
nous AA in incubations of M-CSF cells with the bacterial
stimuli. In human neutrophils, LPS/fMLP stimulation is
known to activate cPLA, by increased phosphorylation
(28). We found an increased P-cPLA; Western blot band
also in human M¢s, particularly for M-CSF Més in re-
sponse to LPS/fMLP and PGN (Fig. 5C, D). In these cells
the basal P-cPLA,/cPLA, ratio was low but increased
considerably upon stimulation. On the other hand, for
GM-CSF Mds the basal P-cPLA,/cPLA; ratio was high
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Figure 5. Bacterial stimuli activate cPLAy more efficiently in M-CSF Mds. A) Release of AA in GM-CSF and M-CSF Mds in
response to bacterial stimuli. Data are from the lipidomic analyses described in Fig. 3 and Supplemental Table 1. B) Formation of
HETEs from exogenous substrate. GM-CSF- and M-CSF-differentiated Mds were incubated with exogenous AA (40 puM)
together with ionophore A23187 (5 uM) for 10 min. Samples were extracted and analyzed by HPLC with UV detection. Data are
presented as means * sk of cells from 5 donors and 2 incubations for each cell type (n=10). C, D) Phosphorylation of cPLAs in
GM-CSF- and M-CSF-differentiated Mds stimulated with LPS (1 pg/ml) for 20 min plus fMLP (1 uwM) for 10 min or with
peptidoglycan (100 pg/ml) for 30 min. C) Cell lysates (40 g protein; see Materials and Methods) were analyzed by SDS-PAGE
and Western blots for cPLAy and P-cPLAs. Similar results were observed for 3 additional donors. D) Band intensity ratios
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and increased only modestly upon stimulation. These re-
sults suggest that exposure of M-CSF Més to bacterial
stimuli induced a more prominent acute increase in cPLA,
activity as compared with GM-CSF cells.

In incubations with ionophore A23187 and exogenous
AA, also formation of 15-HETE was greatly increased
(~1000-fold) compared with the bacterial stimuli, which
gave only small amounts of 15-HETE (Fig. 5B). Thus,
15-LO, which is abundant in M-CSF Més (Fig. 4), was ac-
tive. This suggests that the endogenous AA released from
cellular phospholipids in response to bacterial stimuli was
available primarily for 5-LO and COX1 pathways and not
for 15-LO. In the incubations with ionophore A23187 and
exogenous AA, the highest amounts of 5-HETE were
produced in the GM-CSF cells (~100-fold more compared
with incubations with LPS/fMLP). When cells are in-
cubated with A23187 plus exogenous AA, physiologic
regulation of enzyme activities is largely bypassed, and
product formation primarily reflects the amounts of
enzymes.

Activation of 5-LO in cells includes translocation of
5-LO to the nuclear membrane (29). To investigate this, we
performed Western blot of cytosolic and nuclear fractions
and immunocytochemistry as described by Lukic et al.
(18). Stimulation of both M¢ types with LPS/fMLP in-
creased the association of 5-LO with the nuclear fraction
(Supplemental Fig. 2A, B). However, the change was not
very striking, which may be related to the high relative
amount of 5-LO localized in the nucleus of resting cells.
Immunocytochemistry showed that 5-LO was present in
the cytosol and inside the nuclei of GM-CSF and M-CSF
cells (Supplemental Fig. 2C). Overall staining was more
intense in GM-CSF cells, in agreement with the Western
blot results. When cells were stimulated with ionophore,
perinuclear rings appeared for both cell types, but this was
not clearly observed with the bacterial stimuli.

DISCUSSION

The time course of inflammation can be described as a
sequence of overlapping phases, starting with initiation
and ending with resolution (30). Within this sequence of
events, different types of M¢s are active (2). First, tissue
Mds, with intrinsic anti-inflammatory properties, take
part in sensing alarm signals. These signals and mediators
produced by the activated tissue Ms lead to recruitment
of monocytes and differentiation of these to M1 pheno-
types. When the alarm signal subsides, this is followed by
the appearance of anti-inflammatory and healing Mds,
leading to restoration of tissue homeostasis. Lipid media-
tors are involved in all phases of inflammation, from ini-
tiation to resolution (31).

Colony-stimulating factors are fundamental for the
development and differentiation of Mds (32). M-CSF
expressed constitutively in the steady state confers differ-
entiation to normal resident Mds, whereas GM-CSF in-
creased during inflammation leads to proinflammatory
M1 Més (32). We differentiated human monocytes with
GM-CSF or M-CSF, which are known to prime toward M1
or M2 phenotypes, respectively (15). Eicosanoid formation
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in these cells was analyzed by LC-MS/MS in 2 types of
samples. Basal release of lipid mediators was determined
by extraction of the conditioned cell culture medium (final
24 h of the differentiation). Induced formation of eicosa-
noids was determined by incubating the differentiated
washed Mdbs with bacterial stimuli.

In the absence of stimulation during ordinary cell cul-
ture, the major eicosanoids released were LXA, and PGE,.
The levels for LXA, were quite similar to previous findings
for fully activated endpoint M1/M2 Mds (14). Lipoxin
biosynthesis typically involves transcellular metabo-
lism (7), but LXA4 can also be formed within Mds (8), as
confirmed here. Mds are well-known producers of PGE,,
and this can be up-regulated by LPS and zymosan (33,
34). It is of interest that we found the PGE, metabo-
lite tetranor-PGEM rather than PGE,. Mds express
15-hydroxyprostaglandin dehydrogenase (35) and genes
for mitochondrial B-oxidation (36, 37); thus, it appears
reasonable that tetranor-PGEM could be formed over
time in these cell cultures. Also, TxB, was abundant in the
conditioned media from both M¢ types. TxA, is often
described as proinflammatory (e.g., in muscarinic acetyl-
choline receptor-mediated airway constriction) (38).
However, TxA,-TP signaling also modulated immunity
to foreign antigens by negatively regulating dendritic
cell-T cell interactions (39). Apparently, thromboxane
formation in monocytic cells may have both pro- and anti-
inflammatory effects. An interesting EPA metabolite in
the Md-conditioned medium was 18-HEPE, an interme-
diate in RVE formation (Fig. 2]) (20). M2 M ¢s release 2-fold
more RvE2 in comparison to M1 (14); the similar trend in
the metabolism of the RvE2 precursor 18-HEPE by M-CSF
cells suggests that priming for increased RvE formation
may occur early during M¢ differentiation prior to full
M2 activation. More recently, it was also found that
Md-derived 18-HEPE could prevent pressure overload—
induced cardiac remodeling (40).

When the same Md¢s were incubated with bacterial
stimuli (30 min, LPS/fMLP or PGN), both cell types pro-
duced LTB, and TxB; in similar amounts. A striking dif-
ference was that the M-CSF Més produced high amounts
of LTC,. This is of considerable interest in relation to the
role of Cys-LTs in T-helper 2—driven asthma, in which
there is an enhanced presence of M2 Mos (22, 41). Cys-LTs
are very potent inducers of vascular permeability in
postcapillary venules, leading to exudates containing
plasma proteins including the complement system, which
can opsonize all bacteria and can lyse Gram-negative
bacteria. As demonstrated in the zymosan-induced peri-
tonitis model (42, 43), this early event in acute inflammation
can be induced by resident peritoneal Mds present at the
site of infection or injury via prompt formation of Cys-LTs.
It has been emphasized that M-CSF promotes viability and
proliferation of tissue-resident Mds of M2 character (15). It
appears possible that the M-CSF cells studied here may
bear traits resembling resident Més.

Mo in the M2 spectrum confer fibrosis and remodeling
(22,41), and another effect of Cys-LTs is induction of TGF-
B, furin, and VEGEF, leading to tissue remodeling in chronic
asthma (44-46). It is tempting to speculate that the
M-CSF-derived Més studied here, with high capacity for
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LTC, biosynthesis, may resemble pulmonary M2 cells
active in allergic lung inflammation (22). Further conver-
sion to LTD4 was low in the M-CSF and GM-CSF Mds. As
discussed by Lukic et al. (18), epithelial cells in the lung can
metabolize M¢-derived LTC, to LTD,, leading to CysLT1-
mediated effects, including tissue remodeling. Different
LTC, synthesis capacities for different types of Mds have
been described before. High LTC, biosynthesis was ob-
served for resident mouse peritoneal Mds, which produced
about 3-fold more LTC, compared with thioglycolate-
elicited cells (9). A subset of Mds fluorescence-activated cell
sorted from mouse lung tumors (MacA, representing resi-
dent alveolar Mds) produced LTC, (13). Also, these obser-
vations indicate that high LTC, synthesis capacity can be a
characteristic for resident Mds of M2 character.

Thus, in resting conditions both the GM-CSF- and the
M-CSF-differentiated Mds produced primarily anti-
inflammatory and proresolving lipid mediators, but
when encountering bacterial stimuli the same cells quickly
switched to production of proinflammatory LTs. During
these 30-min incubations with bacterial stimuli, the short
time span should preclude a change of cell phenotype
along the M1/M2 spectrum. The prompt change to
proinflammatory mediator formation seems rather to be a
possibility characterizing eicosanoid biosynthesis, exploi-
ted by both M types. In comparison, when Més up- or
down-regulate formation of pro- or anti-inflammatory
cytokines, this appears to be connected with more long-
term changes of Md phenotype (4, 22).

When M-CSF Mdbs were incubated with the bacterial
stimuli, they showed a high capacity to mobilize AA from
phospholipids. Interestingly, CD14, which was 3—4 times
more abundant on M-CSF Més (Fig. 1), is involved in both
TLR4 and TLR2 signaling (19). This could be related to the
activation the cPLA; and higher AA release in M-CSF cells.
Translocation of 5-LO to the nuclear membrane deter-
mines LT biosynthesis (29). In these Mds, most 5-LO was
found in the nuclear fraction already in resting cells,
compatible with previously described intranuclear locali-
zation (47). LPS/fMLP (but not peptidoglycan) increased
nuclear association about 2-fold in both cell types. When
stimulated with ionophore perinuclear rings could be
observed, but not so with the bacterial stimuli. These ob-
servations may indicate that a minor part of 5-LO trans-
located to the nuclear membrane or that 5-LO could be
active inside the nucleus; no difference between the 2 Md
types could be observed. Other possible mechanisms for
the high formation of LTC4 and 5-HETE in M-CSF cells
may be related to the phosphorylation status of 5-LO and
LTC, synthase, formation of LTC4 synthase-FLAP com-
plexes, and the expression level of CLP (higher in M-CSF
cells). Interestingly, RvD1 was found to limit nuclear lo-
calization of 5-LO in Mds via inhibition of calmodulin-
dependent protein kinase II (48). As reviewed by Dennis and
Norris (6), the availability of endogenous AA to the different
COX and LOX enzymes and assembly of enzyme sys-
tems may also apply. Expression of 15-LOX-1 was higher in
M-CSF Mds as compared with GM-CSF cells (Fig. 4). IL4 is
well known to up-regulate 15-LOX-1 (49), and this has been
included as a criterion for M2 differentiation (3). Apparently,
initiation of M¢ polarization in M2 direction by M-CSF is
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sufficient to up-regulate 15-LOX-1, thus increasing the ca-
pacity for formation of lipoxins and resolvins.

In addition to M¢ subtype-specific differences in oxy-
lipin biosynthesis, a few reports on the induction of M¢
polarization by lipid mediators have appeared. Human
M1 Mds were incubated with 135,145-epoxy-maresin,
which down-regulated CD54 and CD80 and up-regulated
CD163 and CD206, indicating a change toward the M2
phenotype (50). Differentiation of alternatively activated
Mds in respiratory syncytial virus infection involved LOX
pathways (LXA4 and RvE;) (51). For mouse peritoneal
Més, EpETrEs (particularly 11,12-EpETrE) regulated
polarization by attenuating NF-«B via activation of per-
oxisome proliferator-activated receptor-a/y and heme
oxygenase 1 (52). Via cAMP/cAMP response element
binding protein, PGE, enhanced M2 polarization of
mouse bone marrow—derived Més (53). PGE, also in-
duced IL-10-producing Mds in vitro and reduced aller-
gic lung inflammation in mice (54).

In summary, resting Mds released mainly anti-
inflammatory lipid mediators but promptly shifted to-
ward inflammatory lipid metabolism upon bacterial
stimulation. The main differences in their metabolism and
protein expression partially reflected possible associations
with M1/M2 functions. There are still several discrep-
ancies in the M1/M2 field. One possible reason may be the
initial CSF used in differentiation protocols. Our results
suggest that the efficiency of GM-CSF and M-CSF to drive
Mds toward M1/M2 phenotypes includes priming effects
on eicosanoid biosynthesis, which can affect the final shift
toward inflammatory or resolving functions.
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