1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Free Radlic Biol Med. Author manuscript; available in PMC 2018 March 01.

-, HHS Public Access
«

Published in final edited form as:
Free Radic Biol Med. 2017 March ; 104: 10-19. doi:10.1016/j.freeradbiomed.2017.01.003.

Nitro-oleic acid regulates growth factor-induced differentiation
of bone marrow-derived macrophages

Hana Verescakova?, Gabriela Ambrozova®P, Lukas Kubala®P, Tomas Perecko®P, Adolf
Koudelka®P:¢, Ondrej Vasicek?P, Tanja K. Rudolphd, Anna KlinkePd, Steven R. Woodcock®,
Bruce A. Freeman®, and Michaela Pekarova®P

aInstitute of Biophysics, Academy of Sciences of the Czech Republic, Brno, Czech Republic

bInternational Clinical Research Center — Center of Biomolecular and Cellular Engineering, St.
Anne’s University Hospital, Brno, Czech Republic

¢Department of Animal Physiology and Immunology, Masaryk University, Brno, Czech Republic
dHeart Centre, University Hospital of Cologne, Cologne, Germany

eDepartment of Pharmacology and Chemical Biology, University of Pittsburgh, Pittsburgh, PA,
USA

Abstract

Many diseases accompanied by chronic inflammation are connected with dysregulated activation
of macrophage subpopulations. Recently, we reported that nitro-fatty acids (NO,-FAs), products of
metabolic and inflammatory reactions of nitric oxide and nitrite, modulate macrophage and other
immune cell functions. Bone marrow cell suspensions were isolated from mice and supplemented
with macrophage colony-stimulating factor (M-CSF) or granulocyte-macrophage colony-
stimulating factor (GM-CSF) in combination with NO,-OA for different times. RAW 264.7
macrophages were used for short-term (1-5 min) experiments. We discovered that NO,-OA
reduces cell numbers, cell colony formation, and proliferation of macrophages differentiated with
colony-stimulating factors (CSFs), all in the absence of toxicity. In a case of GM-CSF-induced
bone marrow-derived macrophages (BMMs), NO,-OA acts via downregulation of signal
transducer and activator of transcription 5 (STAT5) and extracellular signal-regulated kinase
(ERK) activation. In the case of M-CSF-induced BMMSs, NO»,-OA decreases activation of M-
CSFR and activation of related PI3K and ERK. Additionally, NO,-OA also attenuates activation of
BMM:s. In aggregate, we demonstrate that NO,-OA regulates the process of macrophage
differentiation and that NO,-FAs represent a promising therapeutic tool in the treatment of
inflammatory pathologies linked with increased accumulation of macrophages in inflamed tissues.
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Introduction

Macrophages play a role in almost every aspect of the biology of an organism; including
development, homeostasis and repair and immune responses to pathogens [1].
Differentiation of macrophages from bone marrow precursors is a complex process that
involves several developmental stages that are induced and controlled by different growth
factors such as macrophage colony-stimulating factor (M-CSF) and granulocyte-macrophage
colony stimulating factor (GM-CSF) [2]. Both colony-stimulating factors (CSFs) are
multifunctional cytokines that regulate differentiation, proliferation, and survival of
monocyte/macrophage precursors. M-CSF is constitutively and ubiquitously produced by
many tissues, where it maintains macrophage populations important for tissue homeostasis.
GM-CSF, in contrast, has low basal circulating levels and is often elevated during immune
reactions [3-6]. Therefore, both CSFs were used as model inducers of differentiation of
bone marrow-derived macrophages (BMMs) from bone marrow cells and precursors
(BMCs).

The process of CSF-induced macrophage differentiation is regulated via several signaling
pathways (e.g. signal transducer and activator of transcription 5, STAT5; PU.1; extracellular
signal-regulated kinase, ERK; phosphatidylinositol 3-kinase, PI3K; and receptor for M-CSF,
M-CSFR). These signaling pathways are triggered in the early phase of BMM
differentiation, followed by additional upregulation of M-CSFR and PU.1 expression as well
as macrophage proliferation during the middle and late phase of this process [4, 7, 8].
Importantly, macrophages reach final maturation after activation by numerous signals from
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their microenvironment and dysregulation of their functions may result in the development
and progression of cardiovascular, chronic inflammatory, and autoimmune diseases [9-12].
Recent studies have demonstrated that proliferative activity of BMCs can be affected by
relatively mild systemic inflammatory stimuli, which are associated with elevated levels of
M-CSF and GM-CSF. This leads to increased differentiation and proliferation of monocytes/
macrophages in the blood and different tissues [13—-18]. Moreover, it is suggested that CSFs
are important components of the microenvironment, responsible for BMM functional
specialization to M1/M2 phenotype [19, 20]. While M1 macrophages possess characteristic
microbicidal and tumoricidal activities, M2 macrophages are involved in the control of
wound healing, tissue repair, and remodeling [21]. Thus, M-CSF- and GM-CSF-induced
differentiation of macrophages represents a viable pharmacological target for the future
treatment of chronic and inflammatory diseases.

Inflammatory and metabolic reactions both promote associated with increased levels of
reactive nitric oxide, nitrite and oxygen-derived species. The exposure of endogenous
unsaturated fatty acids (FAs) to these reactive molecules results in generation of several
nitrative and oxidative derivatives, including electrophilic nitro-fatty acid derivatives (NO»-
FAs). Mechanism of NO,-FA signaling will depends on their relative distribution in
hydrophobic and hydrophilic microenvironments, esterification and relative concentrations
of nucleophilic targets for Michael addition. The predominant signaling reactions of NO5-
FAs are a consequence of electrophilic nitroalkylation of nucleophilic amino acids, leading
to post-translational protein modifications [22, 23]. This nitroalkylation of predominantly
hyperreactive protein cysteine residues leads to alterations in structure, function, and
subcellular distribution of target proteins, such as receptors, transcription factors, enzymes,
and ion channels (e.g. STATS; nuclear factor kappa B, NF-xB; Keap1/Nrf2 system, and
peroxisome proliferator-activated receptor gamma, PPAR-y) [22, 24-38]. NO,-FAs are
endogenously present in tissues, body fluids, and membranes with total levels (free plus
esterified form) in the high nM range once dissociated from nucleophilic binding partners,
with these concentrations affected by dietary, metabolic, and inflammatory status [37, 39,
40]. For example, intramitochondrial NO,-FA concentrations after a brief priod of ischemia-
reoxygenation was ~1 uM. Importantly, NO,-FAs were shown to exhibit significant anti-
inflammatory actions and their production is considered an adaptive reaction that contributes
to regulating and mediating the resolution of inflammation [22, 23, 32]. Therefore, NO,-FAs
may represent a viable class of mediators for the treatment of metabolic disorders and
different inflammatory related diseases.

Recently, we have reported that nitro-oleic acid (NO,-OA) modulates the activation of both
M1 and M2 macrophages [33] as well as macrophage adhesion on endothelial cells and their
chemotaxis [38]. Moreover, NO,-OA reduces the total numbers of macrophages
accumulated in different types of an inflamed tissues — including atherosclerotic plaques
[36], lung tissue [34], and heart atrium [35], affirming the potential of NO,-FA as mediators
that can regulate diverse macrophage functions. Herein, we reveal that NO,-OA also
influences also the process of M-CSF- and GM-CSF-induced macrophage differentiation,
which could represent another crucial finding for successful realization of clinical trials. In
this study, BMCs were isolated from mice and supplemented with M-CSF or GM-CSF.
Differentiated BMMs were then activated with LPS/IFN-y or IL-4 for evaluating of their
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activation phenotype. We analyzed the total numbers of BMMs and their colonies as well as
their activation status. Finally our analysis was focused on the molecular mechanisms of
NO,-OA-dependent regulation of different signaling pathways (STAT5, ERK, and PI13K),
associated with early phase of macrophage differentiation and activation of M-CSFR.

Materials and methods

Reagents and Solutions

Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO).
NO,-OA was synthesized as previously [37-40] and consisted of an equimolar mixture of
regioisomers of (E)-9- and 10-nitro-octadec-9-enoic acid (1:1; for structures see Supplement
Figure 1), which displays signaling activity equivalent to that of each pure regioisomers. The
NO,-OA was diluted to 100 mM solution in methanol and stored at —80°C. For experimental
applications, a 10 mM solution of NO,-OA in methanol was prepared and diluted in
Dulbecco’s Modified Eagle’s Medium (DMEM; PAN-Biotech, Aidenbach, Germany) to
obtain 100 pM NO»-OA (stored in +4°C no more than 2 weeks). All stocks were prepared
and stored in sterile, low-binding tubes [33]. In our experiments we used final NO,-OA
concentration 1 or 3 uM. The concentrations of NO,-OA were selected based on previous
studies, a lack of toxicity [33-36, 38], and responses that have been induced by
physiologically and pharmacologically relevant concentrations of NO,-FAs /n vivo [37, 39,
40].

Primary Cell Culture and Treatment

Native BMCs were isolated from healthy C57BL/6J mice (males, 25-30 g, 12-14 weeks
old; Masaryk University, Brno, Czech Republic) by flushing femora and tibiae [41]. The
experiments were approved by the Animal Care Committee and were in accordance with the
EU and NIH Guide for Care and Use of Laboratory Animals. Complete cell suspension was
seeded on 6-well plates in 1 ml of DMEM with 2.5% low endotoxin fetal bovine serum
(FBS; PAA, Pasching, Austria) and 1% penicillin-streptomycin. The cells were immediately
supplemented with 20 ng/ml M-CSF or GM-CSF (BioLegend, San Diego, CA, USA) and
with 3 pM NO,-OA, and cultured in a humidified incubator at 37°C and 5% CO,. Schematic
representation of BMC experimental setup is available in Figure 1A. The CSF
concentrations were selected according to literature [15, 42, 43]. The cells used as controls
were not supplemented with CSFs and/or NO,-OA. To study the late phase of macrophage
differentiation and maturation, the second and the fourth day after the start of the
experiment, cultivated BMMs were re-supplemented with 0.5 ml of fresh DMEM with 2.5%
FBS, 1% penicillin-streptomycin, and with proportional amount of NO,-OA and M-CSF or
GM-CSF. By the seventh day, media with nonadherent cells were removed and replaced with
1 ml of fresh DMEM with 2.5% FBS, 1% penicillin-streptomycin, and with 3 pM NO,-OA
(without M-CSF and GM-CSF). Immediately after that, adherent BMMs were activated by
combination of 500 ng/ml LPS (£. coliserotype 026:B6) and 50 ng/ml IFN-y or by 20
ng/ml IL-4 for 24 h. To study the middle phase of macrophage differentiation, adherent
BMMs were harvested after 2 days from the start of experiment. To study the early phase of
macrophage differentiation, adherent and nonadherent BMCs were harvested after 30 min
from the start of the experiment.
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Cell Line and Treatment

Murine peritoneal macrophages RAW 264.7 (ATCC, Manassas, VA, USA) were grown in
DMEM with 10% FBS and 1% gentamycin in a humidified incubator at 37°C and 5% CO»
[33]. The RAW 264.7 cells were used in short-termed experiments, where the isolation
procedure was not compatible using BMCs. The cells were routinely checked for
mycoplasma contamination. Before the experiment, the RAW 264.7 macrophages were
seeded on 6-well plates in 1 ml of FBS free DMEM with 1% penicillin-streptomycin. After
6 hours, the RAW 264.7 cells were supplemented with 50 ng/ml M-CSF or GM-CSF and
with 1 uM NO,-OA. For schematic representation of RAW 264.7 experimental setup see
Figure 1B. The RAW 264.7 cells were harvested after 5-min treatment.

Cell Counting

Quantification of BMM numbers was performed by cell counting. Pictures of culture dish
wells (magnification 40x) used for counting were taken through Eclipse TS100 Inverted
Microscope (Nikon, Japan) after 7 days of BMM differentiation in DMEM supplemented
with 20 ng/ml M-CSF or GM-CSF (BioLegend, San Diego, CA, USA) and with 3 uM NO»-
OA (for details see part Primary cell culture and Treatment as well as Figure 1A).

Methylcellulose Assay

To study the ability of BMCs/BMMs to differentiate, proliferate, and form colonies in a
semi-solid media in response to M-CSF or GM-CSF induction, The Colony Forming Cell
Assay (R&D systems, Minneapolis, MN, USA) was performed according to supplier’s
instructions. Native BMCs were isolated and cultivated with M-CSF (20 ng/ml) or GM-CSF
(20 ng/ml) and NO,-OA (3 uM) in solution (ratio 1:3) of methylcellulose and DMEM (with
2.5% FBS and 1% penicillin-streptomycin) for 15 days. The third, sixth, ninth, and twelfth
day after the start of experiment, cultivated cells were re-supplemented with fresh
methylcellulose/DMEM solution with proportional amount of NO,-OA and M-CSF or GM-
CSF. Quantification of nonadherent BMM colonies was performed by colony counting.
Pictures of culture dish wells (magnification 10x) used for counting were taken through
Eclipse TS100 Inverted Microscope (Nikon, Japan) after 15 days of BMM differentiation in
methylcellulose semi-solid media.

Viability and proliferation

The measurement of cell viability was based on the total cellular mass of adherent cells
using the detergent-compatible BCA protein assay reagent (Bio-Rad, Hercules, CA, USA)
with bovine serum albumin as a standard [44]. None of the tested compounds decreased total
protein levels below the nontreated BMCs/BMMs (data not shown). The proliferation of
adherent BMMs was detected by ATP Cell Viability Test (BioThema, Sweden) and results
are displayed as percentage of nontreated BMCs/BMMs.

Cytotoxicity
Potential cytotoxic effects of NO,-OA were determined by measurement of lactate

dehydrogenase (LDH) in cell media using the Cytotoxicity Detection Kit"-YS (Roche,
Pleasanton, CA, USA). Samples (80 ul) were mixed with reaction mixture in a ratio of 1:1
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and incubated at room temperature for 30 min. The absorbance was measured at 490 nm
using a SPECTRA Rainbow microplate reader (Tecan, Mannedorf, Switzerland). Murine
macrophages RAW 264.7 lysed by supplier-provided lysis buffer were used as positive
control.

Determination of NO Production

Changes in NO production were measured indirectly via the accumulation of nitrites, the
end product of NO metabolism, in media samples using spectrophotometrical Griess assay
[33]. Samples (150 pl) were mixed with Griess reagent in a ratio of 1:1 and incubated at
room temperature for 15 min. The absorbance was measured at 542 nm using a SPECTRA
Rainbow microplate reader (Tecan, Mannedorf, Switzerland).

Western blot technique

Expression and/or activation of proteins was detected after 5 min-treatment in lysates of
adherent RAW 264.7 macrophages, after 30 min-treatment in mixture of lysates from both
adherent and nonadherent BMCs or after 2 days and 8 days of differentiation in lysates from
adherent BMMs. Total cellular protein lysates were harvested by disrupting the cells using
SDS lysis buffer [45]. In 2 day-experiments samples were not diluted to the same protein
concentration, rather normalization was performed using p-actin expression. Protein samples
were subjected to SDS-polyacrylamide gel electrophoresis separation on a 12.5%
acrylamide gel and transferred onto polyvinylidene difluoride (PVDF) membrane
(Immobilon-P, Millipore, Billerica, MA, USA). After incubation in blocking buffer (5%
nonfat dried milk in solution of Tris-buffered saline and Tween 20, TBS-T), membranes
were probed with primary antibodies overnight at 4°C; primary antibodies against B-actin
(cat. no. sc-47778; Santa Cruz Biotechnology, Dallas, TX, USA), iNOS (cat. no. 610431,
BD Transduction Transduction Laboratories, Lexington, KY, USA), Arginase | (cat. no.
9819; Cell Signaling Technology, Danvers, MA, USA), M-CSFR (cat. no. 3152; Cell
Signaling Technology), phospho-M-CSFR (Tyr723; cat. no. 3155; Cell Signaling
Technology), PI3K p85 (cat. no. 4257; Cell Signaling Technology), phospho-PI3K p85/p55
(Tyrd58/Tyr199; cat. no. 4228; Cell Signaling Technology), STAT5 (cat. no. 9358; Cell
Signaling Technology), phospho-STATS (Tyr694; cat. no. 9359; Cell Signaling Technology),
p44/42 MAPK (ERK1/2) (cat. no. 4695; Cell Signaling Technology), phospho-p44/42
MAPK (ERK1/2) (Thr202/Tyr204; cat. no. 4370; Cell Signaling Technology), PU.1 (cat. no.
2266; Cell Signaling Technology), CCAAT/enhancer binding protein beta (C/EBP; cat. no.
3087; Cell Signaling Technology), and Avian myelocytomatosis virus oncogene cellular
homolog (c-Myc; cat. no. 9402; Cell Signaling Technology) were used. Following
incubation, membranes were washed three times in TBS-T and then incubated with
secondary anti-mouse or anti-rabbit antibodies conjugated with horseradish peroxidase (Cell
Signaling Technology) for an hour at room temperature. The blots were visualized by
SuperSignal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL, USA) and
exposed to CP-B X-ray films (Agfa, Brno, Czech Republic). The relative levels of proteins
were quantified by scanning densitometry using the ImageJ program (National Institutes of
Health, Bethesda, MD, USA) and the individual band density value was expressed in
arbitrary units (optical density, OD) [45]. The data in graphs represents the ratio between
OD values of bands detecting protein of interest and OD values of bands detecting p-actin
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(Figure 3B, 4B, and 4C), or the ratio between OD values of bands detecting phosphorylated
(p-) and the total protein form (Figure 5B, C, and E-H).

Data was statistically analyzed using one-way analysis of variance (ANOVA), which was
followed by Bonferonni’s multiple comparison test (GraphPad Prism 5.01), or Pearson
correlation (GrafPad Prism 5.01). All data is reported as means + SEM. A p < 0.05 was
considered significant. The statistical comparison is presented as follows: a, b, ¢, d, and e
represents the group of data statistically significant when compared with the data in the first
(@), second (b), third (c), fourth (d), and fifth (e) bar, respectively. The statistical significance
for the Pearson correlation was labeled as *p.

NO,-OA reduces numbers, proliferation, and colony formation of CSF-differentiated BMMs

Native BMCs were isolated and cultivated with i) M-CSF (20 ng/ml) or GM-CSF (20 ng/ml)
and NO»-OA (3 uM) in DMEM for 7 days (Figure 2A, 2B, and 2D) or ii) M-CSF (20 ng/ml)
or GM-CSF (20 ng/ml) and NO,-OA (3 uM) in methylcellulose solution for 15 days (Figure
2C). A schematic representation of the BMC experimental design is in Figure 1A.
Importantly, NO,-OA significantly reduced numbers of CSF-induced BMMs (Figure 2A)
and their proliferation activity (Figure 2B) as well as numbers of CSF-induced BMM
colonies (Figure 2C), in the absence of an impact on cell morphology (Figure 2D). GM-CSF
emerged as a more potent stimulator of BMM differentiation, proliferation, and colony
formation compared with M-CSF (Figure 2A-D). BMCs cultivated without supplementation
of CSFs displayed only modest ability to differentiate or proliferate and did not form
colonies (Figure 2A-D). Compared to positive control, neither NO2-OA, nor M-CSF/GM-
CSF increased LDH level in BMM supernatants following 24 hours of treatment (data not
shown).

NO,-OA supresses expression of M-CSFR and activation of BMMs

The presence and maturation of differentiated BMMs was confirmed by expression of M-
CSFR, PU.1, C/EBPB, and c-Myc, as well as BMM activation potential. All these
parameters were sensitive to NO,-OA treatment, which inhibited M-CSFR expression
(Figure 3) and the activation phenotype of BMMs (Supplement Figure 2). M-CSFR
expression (cell surface form; 170 kDa) was detected in lysates from adherent BMMs after 7
days of differentiation (Figure 3A and 3B). Both M-CSF and GM-CSF upregulated M-
CSFR protein expression (Figure 3A and 3B). The M1 activation of BMMs was triggered by
LPS (500 ng/ml) in combination with IFN-y (50 ng/ml) and M2 activation was stimulated
by IL-4 (20 ng/ml) for the next 24 hours. All three groups of BMMs were sensitive to LPS/
IFN-vy, which induced downregulation of M-CSFR expression (Figure 3A and 3B) and
upregulated iNOS expression (Supplement Figure 2A) and NO production (Supplement
Figure 2B). In comparison with LPS/IFN-vy, IL-4 caused significant but rather mild
reduction of M-CSFR levels in GM-CSF-induced BMMs (Figure 3A and 3B). The
expression of Arginase | was provoked only in GM-CSF-induced BMMs treated with IL-4
(Supplement Figure 2A). Other selected markers of macrophage maturation, namely PU.1,
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C/EBPB, and c-Myc, were also detected in lysates from adherent BMMs after 7 days of
differentiation. While PU.1 and C/EBPp were upregulated by LPS/IFN-y, c-Myc was
elevated only after 1L-4 (Figure 3C).

NO,-OA suppresses expression of M-CSFR and PU.1 in GM-CSF-elicited BMMs

Native BMCs were isolated and cultivated with M-CSF (20 ng/ml) or GM-CSF (20 ng/ml)
and NO»-OA (3 uM) in DMEM for 2 days (Figure 1A and 4). Expression of the total protein
forms of M-CSFR, PI3K, STATS5, ERK, PU.1, and p-actin was detected in lysates from
adherent BMMs (Figure 4A). Importantly, NO,-OA significantly downregulated expression
of M-CSFR (Figure 4B) and PU.1 (Figure 4C) in GM-CSF-induced BMMs. Both CSFs
provoked changes in p-actin expression (Figure 4A) reflecting elevation in overall cellular
metabolism and proliferative capacity (Figure 4F). GM-CSF was confirmed as a strong
stimulator of macrophage differentiation, since GM-CSF-induced BMMSs showed more
extensive expression of all proteins compared with M-CSF-induced or control BMMs
(Figure 4A). With the exception of PU.1 (Figure 4E), the changes in expression of M-CSFR
(Figure 4D) and other proteins (data not shown) correlated with changes in p-actin
expression. The NO,-OA-induced reduction of M-CSFR (Figure 4B) and PU.1 (Figure 4C)
was significant even when normalized to B-actin expression. Expression of other proteins
(PI3K, STATS5, and ERK) was unchanged when normalized to B-actin expression (data not
shown). Additionally, the effect of NO,-OA on macrophage proliferation and expression of
CD11b was studied by flow cytometry (Figure 1A and Supplement Figure 3). NO»-OA
attenuated the elevation of both control and CSF-induced BMM populations after 2 day-
differentiation (Supplement Figure 3A and 3B). The expression of CD11b in control and
CSF-induced BMMs was not affected by NO,-OA treatment in equal protein concentrations
of cells (Supplement Figure 3C).

NO,-OA rapidly regulates STAT5, ERK, M-CSFR, and PI3K activation in BMMs during initial
phases of CSF-induced differentiation

To evaluate activation of signaling pathways, i) native BMCs were isolated and treated with
M-CSF (20 ng/ml) or GM-CSF (20 ng/ml) and NO,-OA (3 uM) in DMEM for 30 min
(Figure 1A); ii) RAW 264.7 macrophages were treated with M-CSF (50 ng/ml) or GM-CSF
(50 ng/ml) and NO,-OA (1 uM) for 5 min (Figure 1B). Lysates from both adherent and
nonadherent BMCs were analyzed for phosphorylation/expression of different proteins and
signaling molecules (STAT5, ERK, M-CSFR, and PI3K). Activation of STAT5 (Tyr694
phosphorylation) was triggered only by GM-CSF supplementation and was profoundly
inhibited by NO,-OA treatment after 30 min of cell incubation (Figure 5A and 5B). The
phosphorylation of ERK 1/2 (Thr202/Tyr204) was increased in both M-CSF- and GM-CSF-
treated BMCs and was significantly inhibited by NO,-OA (Figure 5A and 5C). GM-CSF
more extensively induced ERK activation, compared with M-CSF (Figure 5A and 5C). The
phosphorylation of M-CSFR (Tyr723) and PI3K (Tyr458) was unaffected by CSFs and NO,-
OA after 30 min of BMC treatment (data not shown). Because the isolation procedure of
BMCs did not permit shorter experimental time frames, RAW 264.7 macrophages were
employed [33, 45]. RAW 264.7 cells were supplemented with M-CSF or GM-CSF and
treated with NO,-OA for 5 min. Both STAT5 and ERK activation in RAW 264.7
macrophages (Figure 5D—F) were reflective of BMC responses after treatment for 30 min
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(Figure 5A—-C). Importantly, M-CSF induced significant elevation of M-CSFR (Tyr723) and
PI3K (Tyr458) phosphorylation in RAW 264.7 macrophages, which was completely
inhibited by NO,-OA treatment (Figure 5D, 5G, and 5H).

Discussion

The pleiotropic anti-inflammatory signaling actions of NO»-FAs remain to be fully
characterized, especially in the context of the regulation of inflammatory cell function and
signaling pathway activities [32]. We recently reported that and exemplary fatty acid
nitroalkene derivative, NO»-OA, when administered in vivo leads to a reduction in
macrophage accumulation inflamed tissues following metabolic and inflammatory stress
(such as lungs, atrial fibrotic lesions, and atherosclerotic plaques) [34-36], suggesting a
potential role for NO,-FAs in macrophage differentiation and maturation. Notably, the
mechanisms accounting for NO,-OA regulation of these processes remains to be elucidated.
Herein, we discovered that NO»-OA inhibits M-CSF and GM-CSF-induced macrophage
differentiation and regulates the activation phenotype of BMMs. In concert with these
actions, NO,-OA modulates diverse signaling pathways involved in M-CSF-induced
differentiation, reinforcing the significant potential for NO,-FAs in influencing various
macrophage functions.

First, NO2-OA markedly reduces CSF-induced BMM numbers, proliferation, and BMM
colony formation at 2, 7, and 15 days. Importantly, NO,-OA did not change cell morphology
or induce cytotoxic responses. The presence of differentiated BMMs was confirmed by
detection of M-CSFR (also known as CSF-1R or CD115), a key marker of macrophage
phenotype [4, 8, 19, 42]. M-CSFR levels were upregulated in both CSF-differentiated
BMMs and reduced by NO»-OA treatment. These results are consistent with our previous
findings that NO,-OA (i) reduces the macrophage numbers detected in lung tissue of mice
with hypoxia-induced pulmonary hypertension [34], (ii) partially prevents the M1
macrophage accumulation in fibrotic atrium of angiotensin ll-treated mice [35], and (iii)
downregulates monocyte/macrophage accumulation in atherosclerotic plaques in a murine
model of atherosclerosis [36]. Since these pathologies are also linked with increased levels
of M-CSF and GM-CSF [13-18], we suggest that NO,-FA-mediated reduction of
macrophage infiltration is a consequence of the inhibition of macrophage differentiation and
proliferation.

Considering the processes of cell activation and functional specialization as an integral and
final part of cell maturation, CSF-differentiated BMMs were treated by M1 (LPS/IFN-vy) or
M2 (IL-4) macrophage activators [21]. These experiments were motivated by the previous
observation of inhibitory effects of NO»-FAs towards both M1 and M2 macrophage
subpopulations, where NO,-OA was shown to significantly reduce the LPS-stimulated
production of both pro-inflammatory and immunoregulatory mediators (including NO,
superoxide and tumor growth factor-B, TGF-B) as well as iNOS expression [33]. NO,-OA
also decreased IL-4-induced macrophage responses by inhibiting Arginase-I expression and
TGF-p production. These effects were mediated via downregulation of STAT, MAPK and
NF-xB signaling responses [33]. The current study also confirmed that NO,-OA
downregulates LPS/IFN-y-induced production of NO and expression of iNOS (markers of
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M1 activation) as well as IL-4-activated expression of Arginase | (a marker of M2
activation) also in CSF-differentiated BMMs.

In addition to general markers of macrophage polarization, we now report the expression of
additional critical markers of macrophage maturation, namely transcription factors PU.1, C/
EBPB, and c-Myc, which regulate cell differentiation and survival, as well as proliferation.
Importantly, PU.1 and C/EBPP control the expression of several myeloid-specific genes,
including M-CSFR and receptor for GM-CSF (GM-CSFR) [8, 46]. While PU.1 and C/EBPf
are upregulated during macrophage maturation and are involved in development of both M1
and M2 phenotypes [8, 47, 48], c-Myc is repressed in the late phase of macrophage
differentiation and is considered as a specific marker of M2 activation [8, 49, 50]. In the
present study, NO,-OA modulated the expression of transcription factors selectively induced
by CSFs, LPS/IFN-y and IL-4. PU.1 was elevated in M-CSF-induced BMMs treated with
either LPS/IFN-y or IL-4 and in GM-CSF-induced BMMs stimulated by LPS/IFN-y. C/
EBPp was effectively increased in CSF-induced BMMs treated with LPS/IFN-vy acting as a
marker of M1 activation. As expected, c-Myc was upregulated only in IL-4-polarized BMMSs
elicited by both CSFs used. Furthermore, NO,-OA reduces both LPS/IFN-y and IL-4-
induced changes in C/EBP, PU.1, and c-Myc expression, supporting the concept that NO,-
FA regulate macrophage maturation and functional specialization to the M1/M2 phenotype.
These observations lend additional perspective to reports of the impact of NO,-FAs on
macrophages with M1 phenotype, such as the inhibition of LPS-induced iNOS expression,
iNOS activity, and NO production by nitro-arachidonic acid, nitro-linoleic acid (NO,-LA),
and cholesteryl-nitrolinoleate in the macrophage cell line J774.1 [26, 51]. Moreover, NO,-
OA and NO,-LA decreased LPS-stimulated secretion of inflammatory cytokines in RAW
264.7 cells [25]. Also, the prophylactic administration of NO5-OA limits local and systemic
inflammatory responses (e.g. production of inflammatory cytokines, expression of
chemokines, and expression of adhesion molecules) and the severity of multiorgan
dysfunction (kidney, liver, and heart) in mice exposed to LPS [52].

Interestingly, we also found that NO,-OA and macrophage activators reduce M-CSFR
expression in CSF-induced BMMs. Significant degradation of the cell surface form of M-
CSFR was already described in mouse macrophage cell line BAC-1.2F5 stimulated either by
LPS/IFN-y or by IL-4 [53, 54]. In general, it is assumed that the process of receptor
internalization probably serves as a negative feedback loop that prevents ongoing signaling
and thus attenuates proliferative effect of M-CSF [53, 55]. These events can also account for
the ability of NO»-OA to reduce macrophage cell numbers during the process of
differentiation.

In order to reveal the effect of NO,-OA on the second day of BMM treatment, we
determined the numbers of BMMs and the total expression of M-CSFR, PI3K, STAT5, ERK,
and PU.1, all factors involved in macrophage differentiation [3, 56-58]. Both CSFs
provoked changes in p-actin expression reflecting elevation in overall cellular metabolism,
including differentiation and proliferative capacity. Except for PU.1, the comparison of p-
actin expression with the expression of each individual protein above-mentioned showed
highly significant correlation. We found a substantial increase in M-CSFR expression
initiated by both CSFs, whereas the expression of PU.1 was elevated only by GM-CSF.
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Importantly, the effect of GM-CSF on M-CSFR and PU.1 expression was inhibited by NO5-
OA. This reduction in expression was significant even if normalized to p-actin expression.
These results confirmed that M-CSFR and PU.1 help regulate the middle and the late phase
of CSF-induced macrophage differentiation [4, 7, 8]. As expected, the expression of other
proteins (PI3K, STAT5, and ERK), known to be activated within early phase of
differentiation [3, 56-58], was not changed when normalized to B-actin. The CSF-induced
changes in B-actin expression were in accordance with the increase in BMM populations
after 2 days of differentiation. These findings affirm that NO,-OA regulates macrophage
proliferation. The presence of CD11b, a marker of leukocytes (including monocytes/
macrophages, neutrophils, and natural Killer cells) [42], was not affected by NO,-OA when
the cells were diluted to equal concentration. We hypothesize that CD11b expression might
be regulated by signaling pathways other than those influenced by NO,-OA (PI3K, STATS5,
and ERK). Similar results were observed during the monocyte and neutrophil maturation
process, where CD11b was partially induced independently of differentiating agents [59].

BMCs and RAW 264.7 macrophages were employed in subsequent analyses focused on the
effect of NO,-OA on activation of molecules involved in CSF-induced macrophage
differentiation, including M-CSFR, PI3K, STATS5, and ERK [3]. M-CSFR activation triggers
auto-phosphorylation of several intracellular receptor tyrosine residues, leading to initiation
of different signaling cascades, e.g. PI3K or MAPKSs. Although the regulation of cellular
processes by activated GM-CSFR is mediated by STAT5 and to a lesser extent MAPK
proteins [3, 56-58]. RAW 264.7 cells were used in short time frame experiments evaluating
the facile M-CSFR and P13K phosphorylation that peaks between 1 to 5 minutes [16, 55,
60]. NO5-OA inhibited M-CSF-induced phosphorylation of M-CSFR, an effect associated
with the reduced activation of PI3K. Additionally, NO,-OA diminishes GM-CSF-mediated
phosphorylation of STAT5. The activation of ERK was common for both CSFs used and was
sensitive to NO»-OA inhibition. Due to the lack of a suitable antibody for determination of
GM-CSFR phosphorylation, this issue must be elucidated in the future studies.

The effect of NO,-OA on STAT5 and ERK is consistent with the inhibitory effect of NO,-
OA on STAT1, 3, and 6 as well as MAPK phosphorylation in macrophages [33, 36]. For
example, a murine model of atherosclerosis, Apolipoprotein E-deficient mice, revealed that
chronic administration of NO,-OA decreases macrophage infiltration and, due to inhibition
of STAT1 phosphorylation, also reduces foam cell formation [36]. Also, NO,-OA
downregulates LPS-induced activation of STAT1, STAT3, and MAPKSs (ERK, p38 MAPK,
and c-Jun N-terminal kinase) as well as IL-4-elicited activation of STAT6 and STAT3 in
RAW 264.7 macrophages [33]. Additionally, there is a suppressive effect of NO,-OA and
NO,-LA on LPS-stimulated STAT1 phosphorylation in RAW 264.7 cells [31]. We speculate
that NO,-OA-mediated reduction of ERK activation might also be linked with reduced
numbers of BMMs observed after 7 days of macrophage differentiation. This mechanism
may also account for the reduction of smooth muscle cell proliferation upon attenuation of
ERK activation after NO,-OA treatment in a murine model of pulmonary hypertension [34].

The signaling actions of NO,-FA are based on the electrophilic nature of the p-carbon
adjacent to the nitro-bonded carbon. This promotes the alkylation of nucleophilic amino acid
residues (e.g. cysteine thiolate and to a lesser extent the imidazole moiety of histidine and
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the e-amino group of lysine residues), yielding new carbon-carbon or carbon-heteroatom
bond frameworks that reversibly modify receptors, transcription factors and enzymes [24—
31, 37]. For example, NO,-OA alkylates nucleophilic residues of angiotensin Il receptor
type 1 (AT1R) and impacts the propagation of downstream signaling events (e.g.
intracellular inositol-1,4,5-triphosphate and calcium mobilization) via this covalent
interaction between NO,-OA and AT1R [29]. We hypothesize that NO,-OA could also
interact with other types of receptors (e.g. M-CSFR and GM-CSFR), promoting alterations
in receptor phosphorylation and the binding of protein kinases or other binding partners. In
human and mouse M-CSFR, the extracellular domain consists of five 1g-like domains
containing highly conserved cysteine residues. These domains are involved in the intrachain
disulfide bonding and can undergo covalent modification [61], thus representing potential
target for NO,-FA action. The high-affinity, functional GM-CSFR is composed of a specific
ligand-binding a subunit and a common  subunit, which are members of the class 1
subgroup of the cytokine receptor superfamily and contain a number of conserved motifs,
including four spatially, conserved cysteine residues that are essential for activation of
receptor [62]. These moieties could be modified by NO,-FAs.

Although it is traditionally recognized that the regulation of kinases occurs via
phosphorylation, MAPKSs are also sensitive to electrophile-dependent regulation. For
example the electrophiles 4-hydroxy-2-frans-nonenal covalently reactis with histidine
residues within the ERK2 kinase phosphorylation lip to inhibit ERK enzymatic activity and
signaling [63]. Thus, NO,-OA could similarly impact M-CSF- and GM-CSF-induced ERK
phosphorylation and activation, and lead to an overall reduction of M-CSFR or GM-CSFR
activation. STAT proteins are also likely to be regulated by oxidative and electrophilic
alkylation reactions, in addition to tyrosine phosphorylation. STATSs contain highly reactive
cysteine residues, which are crucially involved in regulation of their activity (e.g.
nucleocytoplasmic shuttling) [64]. Based on these precepts, we propose a similar mechanism
for NO»-OA action in downregulation of GM-CSF-triggered STAT5 phosphorylation.

There are some limitations in clinically translating the observations of this study. First, the /n
vitro experiments with isolated cells do not model all of the conditions operative in the bone
marrow during macrophage differentiation. Importantly, bone marrow is a complex organ
containing many different hematopoietic and non-hematopoietic cell types, surrounded by
niche characterized by compartments of extracellular matrix, specific pH, oxygen levels, and
concentrations of nutrients and growth factors [65]. All of these biochemical and
microenvironmental factors can also contribute to the regulation of monocytes/macrophage
differentiation, which is necessarily simplified in /n vitro models. Second, although this
study mainly focuses on the anti-proliferative and anti-inflammatory effects of NO,-FAs,
these species may be affecting other metabolic and signaling pathways in bone marrow due
to an ability to post-translationally modify diverse proteins. Thus, one cannot exclude the
possibility that NO,-FAs influence the process of macrophage differentiation and maturation
via additional mechanisms.
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Conclusions

The impact of NO,-OA on M-CSFR and GM-CSFR dependent regulation of macrophage
signaling via STAT5, ERK, and PI3K-mediated mechanisms can account for downstream
NO,-FA regulation of macrophage differentiation. While M-CSF and GM-CSF share some
mutual pathways (e.g. ERK), they could differ in several signaling molecules (e.g. STAT5).
Nevertheless, we cannot exclude the involvement of other signaling cascades (e.g. NF-xB,
PPAR-v, and Keap1/Nrf2) being potentially operative in the regulation of CSF-induced
signaling by the pleiotropic actions of fatty acid nitroalkenes. In aggregate, this study
reinforced that there are anti-inflammatory regulatory actions of NO,-OA in mature
macrophages, supporting that NO,-FAs may represent new drug candidates suitable for
deployment against chronic and inflammatory diseases having a complex pathogenesis.
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Abbreviations

AT1R angiotensin 11 receptor type 1
BMC bone marrow cell and precursor
BMM bone marrow-derived macrophage

C/EBPB CCAAT/enhancer binding protein beta

c-Myc Avian myelocytomatosis virus oncogene cellular homolog
CSF colony-stimulating factor

DMEM Dulbecco’s Modified Eagle’s Medium

ERK extracellular signal-regulated kinase

FBS fetal bovine serum

GM-CSF  granulocyte-macrophage colony-stimulating factor
GM-CSFR granulocyte-macrophage colony-stimulating factor receptor

IFN-y interferon gamma
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Highlights
NO,-OA reduces numbers of differentiated macrophages.
NO,-OA affects early phase of growth factor-induced macrophage differentiation.
NO,-OA acts via downregulation of M-CSFR, STAT5, ERK, and PI3K activation.

NO,-OA decreases activation of differentiated macrophages.
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Figure 1. Schematic representation of experimental setup
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Upper parts briefly describe cell preparation, treatment, and cultivation time. Lower parts
summarize days and types of measurements as well as cell type used. (A) BMC

experiments. (B) RAW 264.7 experiments.

Free Radic Biol Med. Author manuscript; available in PMC 2018 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Verescakova et al.

Page 20

A B C
70- 800- abod 8
7] 700- abed
§ : abed . g .
I ‘% = abcde g 8 &
S 30- abe :‘E § i b T ‘—é ‘ abe
3 ab 5 ° a -g 3 abc
g » be R be 3 2
Zw» 100
0 0- 0
NO,-OA - + -+ -+ NO,-OA - + -+ - 4+ NO,-OA B E g B W - %
GHM " ontrol  M-CSF GM-CSF GHM) " ool M-CSF GM-CSF GHM " control  M-CSF GM-CSF
D
control M-CSF GM-CSF

control + NO,-OA M-CSF + NO,-OA GM-CSF + NO,-OA

Figure 2. The effect of NO2-OA on BMM numbers, proliferation, and colony formation
Native BMCs were isolated and cultivated i) with M-CSF (20 ng/ml) or GM-CSF (20 ng/ml)

and NO,-OA (3 uM) in DMEM for 7 days (A, B, and D) or ii) with M-CSF (20 ng/ml) or
GM-CSF (20 ng/ml) and NO»-OA (3 uM) in methylcellulose solution for 15 days (C). For
schematic representation of BMC experimental setup see Figure 1A. (A) Quantification of
adherent BMM numbers; n=4. (B) Assessment of BMM proliferation; n=5. (C)
Quantification of nonadherent BMM colonies; n=3. A pvalue of less than 0.05 was
considered significant and statistical comparison is presented as follows: a, b, ¢, d, and e
represents the group of data statistically significant when compared to the data in the first
(a), second (b), third (c), fourth (d), and fifth (e) bar, respectively. (D) Representative images
of adherent BMMSs; magnification 40x.
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Figure 3. The effect of NO,-OA on M-CSFR, PU.1, C/EBPB, and c-Myc expression in CSF-
induced BMMs differentiated for 7 days

Native BMCs were isolated and cultivated with M-CSF (20 ng/ml) or GM-CSF (20 ng/ml)
and NO,-OA (3 uM) in DMEM for 7 days. Adherent BMMSs were then activated with LPS
(500 ng/ml) and IFN-y (50 ng/ml) or with IL-4 (20 ng/ml) for 24 h. For schematic
representation of BMC experimental setup see Figure 1A. (A) Expression of M-CSFR and
B-actin in adherent BMMs; Western blot pictures represent one of three individual
experiments. (B) Assessment of M-CSFR expression in adherent BMMs; n=3. A pvalue of
less than 0.05 was considered significant and statistical comparison is presented as follows:
a, b, ¢, d, and e represents the group of data statistically significant when compared to the
data in the first (a), second (b), third (c), fourth (d), and fifth () bar, respectively. (C)
Expression of PU.1, C/EBP, c-Myc, and B-actin in adherent BMMs; representative Western
blot pictures.
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Figure 4. The effect of NO»-OA on M-CSFR, PI3K, STAT5, ERK 1/2, PU.1, and B-actin

expression in BMMs differentiated for 2 days

Native BMCs were isolated and cultivated with M-CSF (20 ng/ml) or GM-CSF (20 ng/ml)
and NO,-OA (3 uM) for 2 days. For schematic representation of BMC experimental setup
see Figure 1A. (A) Expression of M-CSFR, PI3K, STAT5, ERK 1/2, PU.1, and B-actin in
adherent BMMs; Western blot pictures represent one of three or four individual experiments.
(B, C) Assessment of M-CSFR and PU.1 expression in adherent BMMs; n=3-4. A pvalue
of less than 0.05 was considered significant and statistical comparison is presented as
follows: a, b, ¢, d, and e represents the group of data statistically significant when compared
to the data in the first (a), second (b), third (c), fourth (d), and fifth (e) bar, respectively. (D,
E) Pearson correlation between M-CSFR or PU.1 expression and p-actin expression in
adherent BMMs; n=3. A pvalue of less than 0.05 was considered significant. (F)
Assessment of BMM proliferation; n=3. A pvalue of less than 0.05 was considered
significant and statistical comparison is presented as follows: a, b, ¢, d, and e represents the
group of data statistically significant when compared to the data in the first (a), second (b),

third (c), fourth (d), and fifth (e) bar, respectively.
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Figure 5. The effect of NO2-OA on STATS5, ERK, M-CSFR, and PI3K activation during early
phase of differentiation
Native BMCs were isolated and treated with M-CSF (20 ng/ml) or GM-CSF (20 ng/ml) and

NO,-OA (3 uM) for 30 min (A-C). RAW 264.7 macrophages were treated with M-CSF (50
ng/ml) or GM-CSF (50 ng/ml) and NO,-OA (1 uM) for 5 min (D-H). For schematic
representation of experimental setups see Figure 1. (A) Activation of STAT5 (Tyr694) and
ERK 1/2 (Thr202/Tyr204) in adherent and nonadherent BMCs; Western blot pictures
represent one of four individual experiments. (B, C) Assessment of STAT5 and ERK 1/2
phosphorylation in adherent and nonadherent BMCs; n=4. (D) Activation of STAT5
(Tyr694), ERK 1/2 (Thr202/Tyr204), M-CSFR (Tyr723), and PI3K (Tyr458) in RAW 264.7;
Western blot pictures represent one of four individual experiments. (E-H) Assessment of
STATS5, ERK 1/2, M-CSFR, and PI3K phosphorylation in RAW 264.7; n=4. A p value of
less than 0.05 was considered significant and statistical comparison is presented as follows:
a, b, ¢, d, and e represents the group of data statistically significant when compared to the
data in the first (a), second (b), third (c), fourth (d), and fifth (e) bar, respectively.
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