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Anti-Inflammatory and Proresolving Effects of the Omega-6
Polyunsaturated Fatty Acid Adrenic Acid

Hilde Brouwers,* Hulda S. J(’)nasdéttir,""Jr Marije E. Kuipers,Jr Joanneke C. Kwekkeboom,*

Jennifer L. Auger,”® Mayra Gonzalez-Torres," Cristina Lépez-Vicario,

9

Joan Claria,¥ Jona Freysdottir,' Ingibjorg Hardardottir,' José Garrido-Mesa,”
Lucy V. Norling,# Mauro Perretti,” Tom W. J. Huizinga,* Margreet Kloppenburg,*
René E. M. Toes,* Bryce Binstadt,"t’§ Martin Giera,*’1 and Andreea Ioan-Facsinay""1

Polyunsaturated fatty acids (PUFAs) and their metabolites are potent regulators of inflammation. Generally, omega (n)-3 PUFAs
are considered proresolving whereas n-6 PUFAs are classified as proinflammatory. In this study, we characterized the inflamma-
tory response in murine peritonitis and unexpectedly found the accumulation of adrenic acid (AdA), a poorly studied r-6 PUFA.
Functional studies revealed that AdA potently inhibited the formation of the chemoattractant leukotriene B, (LTB,), specifically in
human neutrophils, and this correlated with a reduction of its precursor arachidonic acid (AA) in free form. AdA exposure in
human monocyte-derived macrophages enhanced efferocytosis of apoptotic human neutrophils. In vivo, AdA treatment signifi-
cantly alleviated arthritis in an LTB,-dependent murine arthritis model. Our findings are, to our knowledge, the first to indicate
that the n-6 fatty acid AdA effectively blocks production of LTB,4 by neutrophils and could play a role in resolution of inflam-

mation in vivo. The Journal of Immunology, 2020, 205: 000-000.

breach and tissue damage. Usually, inflammation and its

resolution are tightly controlled processes that involve
the recruitment of immune cells and soluble mediators. Lack of
proper resolution can lead to chronic inflammation, which is
associated with several diseases such as atherosclerosis, au-
toimmune diseases, asthma, and cancer. During the past 20y, it
has been established that polyunsaturated fatty acids (PUFAs)

l nflammation is an important first-line response to barrier
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and PUFA-derived lipid mediators are potent regulators of
inflammation and its resolution (1).

Historically, n-6 PUFAs such as arachidonic acid (AA) and
linoleic acid (LA) are considered proinflammatory, whereas
n-3 PUFAs are considered to be anti-inflammatory and/or pro-
resolving (2). This is primarily because of the fact that the potent
proinflammatory leukotrienes and PGs are derived from AA.
In contrast, n-3 PUFAs such as eicosapentaenoic acid (EPA),
docosahexaenoic acid (DHA), and docosapentaenoic acid (DPA)
are metabolized into so-called specialized proresolving lipid
mediators (SPMs) like resolvins, protectins and maresins (1, 3-5).
In addition to SPMs derived from EPA, DHA and DPA, more
recently, additional n-3-PUFA-derived metabolites have been
associated with anti-inflammatory effects, such as the 15-lip-
oxygenase (LOX) products from a-LA (6). Furthermore, biolog-
ical functions have been assigned to the free n-3 PUFAs
themselves (7). For instance, EPA, DHA, and DPA can compete
with AA as substrates for enzyme conversion, leading to a di-
minished production of proinflammatory oxylipins (8). Moreover,
free n-3 PUFAs can mediate anti-inflammatory effects by acti-
vating their specific G protein—coupled receptor GPR120 (9).

However, this pro- versus anti-inflammatory classification of -6
and n-3 PUFAs might be too strict. On the molecular level, anti-
inflammatory effects of n-6 PUFAs and their derivatives have been
shown both in vitro and in vivo. For instance, AA can be me-
tabolized into proresolving lipoxins as well as anti-inflammatory
cytochrome P450 (Cyp450) derivatives (10, 11). Furthermore,
AA-derived PG E, (PGE,) was shown to have both proin-
flammatory and proresolution properties (12). In addition, earlier
studies proposed that the n-6 PUFAs dihomo-y-linolenic acid
(DGLA) and adrenic acid (AdA) might compete with AA for
proinflammatory oxylipin production (13-18).

Clinical trials using n-3 PUFA supplementation in several in-
flammatory diseases have shown both beneficial but also negative
results. Systematic reviews in asthma and rheumatoid arthritis
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report inconsistent or modest beneficial effects and also in cardio-
vascular disease, n-3 PUFA supplementation trials did not show
conclusive beneficial effects (19-23). Furthermore, some studies
report beneficial effects of dietary n-6 PUFA intake, in particular
with regard to LA (24, 25). In summary, several reports highlight
that a simple dichotomous classification of n-6 and n-3 PUFA as
exclusively pro- and anti-inflammatory, respectively, does not suf-
ficiently describe the underlying biology and that the pro- and anti-
inflammatory roles of PUFAs are not completely understood.

To better understand the roles of the n-3 and n-6 PUFA in the
context of inflammation, we determined their kinetics in an ex-
perimental model of self-resolving peritonitis. We performed a
comprehensive analysis of lipids, using liquid chromatography—
tandem mass spectrometry (LC-MS/MS) and we discovered the
accumulation of the n-6 PUFA AdA during the resolution phase of
inflammation. This finding triggered us to further study the bio-
logical function of AdA in vitro and in vivo.

Materials and Methods

Cell isolation and culture

Human primary neutrophils were isolated from EDTA blood of healthy
donors. Most of the erythrocytes were removed by dextran sedimentation
using 3% dextran T-500 (Pharmacosmos) in PBS without calcium and
magnesium [PBS (""7); Lonza). Next, neutrophils were separated from
PBMCs by Ficoll density gradient centrifugation and remaining erythro-
cytes were removed by hypotonic lysis. Human PBMCs were isolated from
buffy coats of healthy donors (Sanquin, Amsterdam, the Netherlands) by
Ficoll density gradient centrifugation. Monocytes were isolated from
PBMCs by magnetic cell sorting using CD14* microbeads (Miltenyi
Biotec) and were differentiated in RPMI 1640 (Life Technologies) sup-
plemented with 8% FCS using 5 ng/ml GM-CSF (R&D Systems) for 7 d.
Written informed consent was obtained from all donors and the study was
approved by the medical ethical committee of the Leiden University
Medical Center (LUMC).

Cell culture incubations for lipid analysis

Neutrophils (1 X 10° cells/ml) were incubated with 5 pwg/ml AdA (Nu-
Check Prep) in PBS with calcium and magnesium [(+/+); B. Braun] for
10 min. Macrophages were incubated for either 10 min or 24 h, using the
same cell density and AdA concentration as for neutrophils, but in RPMI
1640 without phenol red (Life Technologies) containing 0.1% fatty acid—
free BSA (Sigma-Aldrich). AdA was prediluted in ethanol (EtOH, absolute
HPLC grade; Thermo Fisher Scientific) and suspended in the appropriate
medium using an ultrasonic bath. After stimulation with AdA, both neu-
trophils and macrophages were stimulated with 4 wM calcium ionophore
A23187 (Sigma-Aldrich) for 10 min. For lipid mediator analysis, methanol
(MeOH) containing internal standards (IS) was added to the cells and their
supernatant in a 3:1 volume ratio. The IS consisted of leukotriene B,
(LTB,4)-d4, PGE,-d4, 15-HETE-d8 (all 50 ng/ml), and 500 ng/ml of DHA-
d5. Samples were stored under argon at —80°C until analysis. For quan-
titative lipidomic analysis using the Lipidyzer, the cells were washed twice
with PBS (*"*) containing 0.1% fatty acid—free BSA after stimulation. The
pelleted cells were stored at —80°C until analysis.

Calcium flux assay

Leukocytes were obtained from heparinized blood of healthy donors. To this
end, HetaSep (Stemcell Technologies) was added to the blood at a ratio of
1:6 (HetaSep: blood) and incubated for 30 min at 37°C to sediment the
erythrocytes. Leukocytes were harvested and remaining erythrocytes were
lysed using NH4CI/KHCO3 (5 min, room temperature). Leukocytes (1 X
107/ml) in RPMI 1640 containing 2% FCS and 0.02% pluronic acid
(Molecular Probes) were labeled with 2 uM Indo-1 AM (Molecular
Probes) for 35 min at 37°C. Cells were washed and resuspended in RPMI
1640 containing 2% FCS and 1 mM CaCl2. Cells were preincubated
(10 min, 37°C) with 5 pwg/ml AdA before acquisition. After 2 min of ac-
quisition, calcium ionophore A23187 was added and samples were ac-
quired another 5 min. Cells were analyzed by flow cytometry using an
LSRII (BD Biosciences) and analyzed using FlowJo software.

Phagocytosis assay

THP-1 cells were differentiated in the presence of PMA (50 ng/ml) for 48 h,
followed by medium exchange to RPMI 1640 supplemented with 10% FCS

PRORESOLVING EFFECTS OF ADRENIC ACID

for 24 h. Differentiated THP-1 cells (96-well plate, 35,000 cells per well)
were pretreated with AdA or vehicle (15 min, 37°C), followed by the
addition of opsonized FITC-labeled zymosan A (Molecular Probes) at a
ratio of 10:1 (particles/cell) for 1 h at 37°C. FITC-labeled zymosan A
was opsonized using opsonizing reagent containing purified rabbit poly-
clonal IgG Abs (Molecular Probes, Eugene, OR). Subsequently, trypan
blue solution (0.04%; Sigma-Aldrich) was used to quench surface-bound
FITC-zymosan A particles for 2 min at room temperature after which the
solution was washed away and substituted with PBS (*'*). Fluorescence
intensity was measured in a FluoStar Optima Microplate Reader (BMG
Labtech) using an excitation of 485 nm and an emission of 520 nm.

Efferocytosis assay

PBMC:s were isolated by density centrifugation of leukocyte cones from the
National Health Service Blood and Transplant Bank. PBMCs were plated 30
X 10° cells per 10 cm? in PBS (*/%). After 1 h, the cells were washed twice,
after which monocytes remained adhered to the plate. The monocytes were
differentiated in RPMI 1640 (Sigma-Aldrich) supplemented with 20% FBS
in the presence of 50 ng/ml hM-CSF (PeproTech) for 7 d. Macrophages
(MO macrophages) were harvested and plated (96-well plate, 2.5 X10*
cells per well) and polarized to become M1 macrophages under the in-
fluence of IFN-y (20 ng/ml; PeproTech) and LPS (10 ng/ml; Sigma-
Aldrich) for 24 h. Apoptotic HL-60 cells were prepared by incubating
the cells in serum free PBS for 24 h (4 X 10° cells/ml) after which ~60% is
apoptotic. Apoptotic HL-60 cells were labeled with CFSE (2 uM, 37°C,
10 min). MO and M1 macrophages were pretreated with AdA (Cayman
Chemicals) for 30 min at 37°C. Apoptotic HL-60 cells were added in a 1:5
ratio (macrophages/HL-60 cells) and left to incubate for 1 h at 37°C.
Subsequently, macrophages were washed twice, and surface-bound HL60
were quenched with trypan blue solution (0.04%; Sigma-Aldrich) for
2 min at room temperature. CFSE-positive efferocytic macrophages were
detected using an LSR Fortessa II and data were analyzed using FlowJo
software.

Migration assay

Isolated human neutrophils (1 X 10° cells/ml) were incubated with 5 wg/ml
AdA in PBS (**) or vehicle (1% EtOH) for 10 min and subsequently
stimulated with 4 pM calcium ionophore A23187 for 10 min. Next, the
cells were centrifuged (16,100 X g, 10 min), and supernatant was stored at
—80°C until further use. For the migration assay, 29 wl of supernatant was
added to the bottom well of a ChemoTx plate (101-3; Neuro Probe) and
25 wl containing 2 X 10 freshly isolated neutrophils was added to the upper
well. Migrated cells were collected from the lower well after 90 min at
37°C. The cells were quantified by flow cytometry using an LSRFortessa
(BD Biosciences), Flow-Count Fluorospheres (Beckman Coulter), and
FACSDiva software (BD Biosciences).

Enzyme activity assays

Activity assays were performed according to the manufacturers’ protocol.
The Lipase Activity Assay Kit (Sigma-Aldrich) and the cPLA, Assay Kit
(Cayman Chemicals) were used.

In vivo peritonitis model

This experiment was both carried out at the University of Iceland and at the
LUMC. Male C57BL/6 mice of 8-wk-old were purchased from Charles
River. Animals were housed in the local animal facility in individually
ventilated cages. Peritonitis was induced by injecting 1 mg of zymosan A
(Saccharomyces cerevisiae; Sigma-Aldrich) in 100 pl of saline i.p. Control
mice were injected with saline only. AdA-treated mice were injected with
10 pg AdA in saline either at timepoint # = 0 or # = 2 h. In the experiments
in which mice were treated with AdA at t = 0, AdA was mixed with the
zymosan A to limit the number of injections. AdA was prediluted in ab-
solute HPLC—grade EtOH and EtOH was evaporated using a SpeedVac
(Zirbus). Next, AdA was suspended in saline using an ultrasonic bath.
Saline for control mice was treated identically, without the addition of
AdA. Control and AdA-treated mice were randomized over the cages and
were housed together in a cage. At the indicated time points after induction
of peritonitis, mice were sacrificed by exposure to carbon dioxide and
peritoneal lavage was collected using 5 ml of ice-cold PBS. From this
lavage, cells were collected by centrifugation (10 min, 225 X g). Part of
the recruited cells were analyzed by flow cytometry using anti-F4/80
(BMS; BioLegend) and anti-GR1 (1A8; BD Biosciences), or anti-CD11b
(M1/70; BD Bioscience) and anti-CXCR2 (TG11; BioLegend). Cells were
counted by light microscopy and were analyzed using Navios Flow
Cytometer and Kaluza software (Beckman Coulter). For lipid mediator
analysis, the remaining peritoneal cells were centrifuged at 16,100 X g for
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5 min and snap frozen. The pelleted cells were stored at —80°C until use.
On the day of analysis, 250 wl of EtOH was added to the cells, samples
were shaken for 5 min, ultrasonicated for 10 s and centrifuged at 16,100 X
g for 5 min. The remaining pellet was used to measure protein content
using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Peritoneal
lavage samples were worked up using solid-phase extraction as published
previously (26) without the n-hexane—washing step, as free fatty acids
were to be evaluated, and resuspended in a final volume of 200 wl of 40%
MeOH. The study was approved by the Experimental Animal Committee,
Ministry for the Environment in Iceland, and the Ethical Committee for
Animal Experimentation of the LUMC.

K/BxN serum—transferred arthritis and anti-G6PI ELISA

These experiments were both carried out at the University of Minnesota
Medical School and the LUMC. Male C57BL/6 mice of 8-wk-old were
purchased from Charles River or The Jackson Laboratory. Animals were
housed in the local animal facility in individually ventilated cages. Mice on
different treatments were kept in separate cages. Arthritis was induced by
i.p. injection of 100 wl of arthritic serum, obtained from TCR-transgenic
K/BxN mice; injections were done on day 0 and day 2. Mice were treated
daily with 2.5 mg AdA from day —3 to the end of the experiment. AdA
was dissolved fresh each day in Cremophor EL (Calbiochem) in a 1:1 ratio
before dissolving in saline, resulting in a 2.5% final concentration Cre-
mophor. Control mice were treated with 2.5% Cremophor in saline.
Clinical scores were obtained in a blinded fashion as previously described
(27). In short, a clinical score of 0-3 was given to each paw daily. In
addition, ankle thickness of both left and right ankle was measured daily
using a precision caliper. Ankle difference was calculated by combining
the score of the left and right ankle daily and subtracting the combined
baseline thickness, divided by two. Anti—glucose-6-phosphate isomerase
(anti-G6PI) Abs were measured in plasma taken at day 10 and day 14 via a
tail vein bleed, or in serum obtained at the end of the experiment via heart
puncture. The study was approved by the Institutional Animal Care and
Use Committee in the United States and the Ethical Committee for Ex-
perimental Animal Experimentation of the LUMC, depending on where
the experiments were carried out. Anti-G6PI Abs were analyzed as de-
scribed before (28). AdA was diluted in serum of either arthritic or non-
arthritic mice or PBS, resulting in different AdA concentrations to test
interference with the detection of anti-G6PI Abs by ELISA.

Chemicals

5-HETE, 5S-HETE, 8-HETE, 11-HETE, 12-HETE, 15-HETE, 15-HEPE,
18-HEPE, 17R-HDHA, 14,15-diHETE, 7S,17S-diHDPA, LXA,, AT-
LXA,, LXBy4, LTBy, 6-trans, 12-epi-LTB4, 6-trans-LTB,4, 20-OH-
LTB4, PGD,, PGE,, PGF,,, TXB,, RvD1, RvD2, 10S5,17S-diHDHA,
MaRl1, LTD,, LTE,, 19,20-diHDPA, 8S,15S-diHETE, DPAn-3, DHA, and
EPA were from Cayman Chemicals and used to construct calibration lines.
15S-HETE-d8, LTB4-d4, PGE,-d4, and DHA-d5 were used as IS (Cayman
Chemicals). RvE1, RvE2, synthetic 18S-RvE3, and 18R-RVE3 were kind
gifts from Dr. M. Arita (RIKEN, Yokohama, Japan). AdA and the GLC-85
standard mix were from Nu-Check Prep. All other chemicals, including
Fluka LC-MS CHROMASOLV-grade MeOH, were from Sigma-Aldrich.

Lipidomic analyses

LC-MS/MS analysis was carried out as previously described (26) on a
QTrap 6500 mass spectrometer (Sciex), coupled to a Shimadzu Nexera
LC30-system including autosampler and column oven (Shimadzu). The
employed column was a Kinetex C18 50 X 2.1 mm, 1.7 pm, protected
with a C8 precolumn (Phenomenex). Water (A) and MeOH (B), both with
0.01% acetic acid, were used. The gradient program started at 40% eluent
B and was kept constant for 1 min, then linearly increased to 45% B at
1.1 min, then to 53.5% B at 4 min, to 55% B at 6.5 min, then to 90% B at
12 min and finally to 100% B at 12.1 min, kept constant for 3 min. The
flow rate was set to 400 pl/min. The mass spectrometer was operated under
the following conditions: the collision gas flow was set to medium, the
drying temperature was 400°C, the needle voltage was —4500 V, the curtain
gas was 30 s, ion source gas 1 was 40 {, and the ion source gas 2 was 30 s
(air was used as drying gas and nitrogen as curtain gas). LC-MS/MS peaks
were integrated with manual supervision and area corrected to corresponding
IS using MultiQuant 2.1 (Sciex). For quantification, the multiple-reaction
monitoring transitions and collision energies were used, combined with
calibration lines.

For gas chromatography—mass spectrometry (GC-MS) analysis, to 1 X
10° neutrophils or macrophages were added 250 wl of acetone (HPLC
grade; Sigma-Aldrich) in 20 pl of PBS (*/7) and 10 .l of EtOH (Merck).
Next, lipids were hydrolyzed using 10 wl of 10 mM sodium hydroxide for

30 min at 60°C. After hydrolysis, 1 wl/ml IS was added and sample workup
and PUFA quantification was performed as previously described (29). GC-
MS was performed using a Scion 436 gas chromatograph coupled to a
Scion triple quadrupole mass spectrometer (both from Bruker) including a
G6501-CTC PAL autosampler (CTC analytics).

For Lipidyzer analysis, 250 pl of 2-propanol was added to 5 X 10°
neutrophils and centrifuged for 10 min at 16,000 X g at 20°C. Supernatant
was collected and the pellet was subjected to additional extraction
using 200 pl of 2-propanol. One hundred microliters of IS in MeOH/
dichloromethane was added and the sample was dried under a gentle
stream of nitrogen. The sample was suspended in 250 pl of 10 mM
ammonium acetate in (50:50) MeOH/dichloromethane. Acquisition
and quantification was performed as previously described using a
QTrap 5500 mass spectrometer (Sciex) with differential mobility
separation (DMS) coupled to a Shimadzu Nexera X2 LC System for
flow injection and Lipidomics Workflow Manager Software (30, 31).

Statistical analysis

Significance was calculated by means of two-tailed unpaired Student ¢ tests,
one-way or two-way ANOVA, or a two-tailed Wilcoxon signed-rank test
for paired samples using GraphPad Prism version 7.04 for Windows. To
justify using two-way ANOVA in Figs. 5 and 6 and Supplemental Fig. 3,
the Shapiro—Wilk test was used. To determine statistical significance
by linear-mixed model analysis or repeated measures ANOVA as a mixed
model, IBM SPSS Statistics 25 for Windows was used. The statistical test
used to determine significance is indicated for each experiment.

Results

Cellular accumulation of AdA during resolution

First, we carried out a detailed molecular mapping of the self-
resolving zymosan A-induced murine peritonitis model. Using a
validated LC-MS/MS platform, we analyzed the cellular PUFA and
oxylipin content in a longitudinal fashion (Fig. 1A). It was previously
shown in this model that PUFAs, as well monohydroxylated fatty
acids, leukotrienes, and PGs, accumulate in the cell-free lavage fluid
during the peak of inflammation and their levels return to baseline
during resolution (29, 30). We confirmed this accumulation of PUFAs
in the cell-free lavage in our first experiment (Supplemental Fig. 1A).
Moreover, we show that inside the cells, the kinetics are different: the
monohydroxylated products accumulate only during the resolution
phase, which was characterized by the decrease of neutrophil
numbers and the increase of F4/80" expression on macrophages
(Supplemental Fig. 1B, 1C) (31). Leukotriene B, (LTB,) levels
peak at 12 h after which levels again decrease, in contrast to the
PGs, which show a biphasic pattern. The analysis revealed a
particular accumulation of free PUFAs in the cellular fraction
during the resolution phase of inflammation (Fig. 1A). The PUFA
accumulation varied largely between different PUFAs: levels of
free LA and a-LA changed only marginally (between 3- and 5-
fold) compared with baseline, whereas DHA levels increased the
most (133-fold). Furthermore, we detected a strong increase of 80-
fold for the n-6 fatty acid AdA within the cellular fraction (Fig.
1B), suggesting a previously unappreciated proresolving role for
this n-6 PUFA. This increase was observed in three independent
experiments of which two were performed at the University of
Iceland and one at the LUMC in the Netherlands (Fig. 1C). To test
the proresolving capacity of AdA, we administered AdA either si-
multaneously with zymosan or 2 h after peritonitis induction. In
both experiments, we detected an enhanced neutrophil clearance
from the peritoneal cavity (Fig. 1D, 1E). These results prompted us
to further investigate the role of AdA in inflammatory responses.

AdA inhibits LTB, production in neutrophils

We initially investigated the effect of AdA on the oxylipin and
PUFA profile of human primary neutrophils and macrophages, as
these are key players in acute inflammation in humans as well as the
main cell populations present in the peritoneal cavity during the
first 72 h of inflammation (29, 32). Our analysis revealed that AdA
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FIGURE 1. Time course of PUFA and their oxidative products during zymosan A-induced peritonitis. (A) Heat map of investigated lipids in the cellular
fraction of peritoneal fluid (nanograms per milligram protein). n = 3 mice per time point; one representative experiment out of three is shown. (B) Fold
change of detected PUFAs relative to the lowest detected concentration (timepoint zero) of the experiment as shown in (A). (C) Time course of free AdA
accumulation in the cellular fraction of peritoneal fluid (nanograms per microgram protein) in three independent experiments depicted individually. Average
with SEM of three to four mice per group is shown. (D and E) Mice were administered AdA at =0 h (D) or t = 2 h (E) and number of neutrophils in the
peritoneal lavage was determined by flow cytometry. Mean and SEM are shown (n = 5-6 mice per group of two independent experiments).

diminished LTB, biosynthesis upon calcium ionophore A23187
stimulation in neutrophils, whereas there was an inconsistent ef-
fect on macrophages because of interdonor variations (Fig. 2A). In
unstimulated cells the LTB, production pathway was not active
(Supplemental Fig. 2A). Macrophages were incubated longer with
AdA to reach similar AdA uptake, but experiments performed
with 10 min incubation show similar results (data not shown). A
similar effect was observed for the LTB, pathway marker 5-HETE
(Fig. 2B). Besides LTB, and 5-HETE production, we could not
detect any other eicosanoid formation such as PGs, nor could we
detect any SPM formation within the experiment time frame.
Because LTBy, is produced upon AA release from phospholipids
and triglycerides (33, 34) (Fig. 2C), we also measured the levels of
released AA in AdA-treated cells (Fig. 2D). Interestingly, AA
levels dramatically decreased upon AdA exposure in neutrophils,
indicating that the entire LTB, production pathway is attenuated.
In contrast, AdA led to an increase in AA in macrophages. Using
three different cell viability assays we confirmed that the observed
effect of AdA on neutrophil leukotriene synthesis was not caused
by cell death (Supplemental Fig. 2B). In addition, we carried out
intracellular calcium flux analysis showing that AdA-exposed
neutrophils have an undisturbed intracellular calcium flux in re-
sponse to calcium ionophore A23187 (Fig. 2E).

AdA-exposed neutrophils have reduced
chemoattractant capacity

LTB, is a potent chemoattractant for neutrophils, so we next
questioned if the downregulation of LTB, synthesis in neutrophils

could have a functional effect. Indeed, LTB, and supernatant of
calcium ionophore A23187-stimulated neutrophils attracted
neutrophils in a trans-well system (Fig. 3B, Supplemental Fig.
2C). However, migration was strongly impaired when super-
natant of stimulated AdA-exposed neutrophils was used (Fig.
3B). Any residual chemoattraction present is most likely due to
incomplete inhibition of LTB, production (Fig. 3C) or to the
presence of other chemoattractants that are released within
10 min of stimulation. Supernatant of unstimulated cells, AdA,
or calcium ionophore A23187 alone were not able to induce
neutrophil migration (Supplemental Fig. 2C).

AdA enhances macrophage phagocytosis

As macrophages play a crucial role in the resolution of inflam-
mation, we next questioned whether AdA would also have an effect
on macrophages. Several SPMs are able to enhance the phagocytic
capacity of macrophages, a process involved in resolution of in-
flammation (1). We therefore examined whether AdA was able to
enhance the phagocytosis of opsonized zymosan particles by
THP-1-derived macrophages by 2.5-fold (Fig. 4A). In addition,
we observed a 10.7- and 11.2-fold increase of efferocytosis of
apoptotic HL-60 cells by monocyte-derived MO and M1 macro-
phages, respectively (Fig. 4B).

AdA is internalized by neutrophils

We next set out to investigate the molecular mechanisms un-
derlying the anti-inflammatory effects of AdA on neutrophils.
Therefore, we studied whether AdA is taken up by the cells.
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FIGURE 2. AdA inhibits LTB, production in neutrophils. (A, B, and D) Peripheral blood neutrophils and macrophages were preincubated for 10 min or
24 h with AdA, respectively, before stimulation with calcium ionophore A23187 for 10 min. Total free LTB,4, 5-HETE, and AA levels relative to IS were
calculated based on LC-MS/MS signals (see Materials and Methods). Statistical significance was established using the Wilcoxon signed-rank test. Each line
represents one donor (n = 3-8 donors, all individual experiments). (C) Schematic representation of the LTB,4 production pathway. (E) Calcium flux in
peripheral blood neutrophils preincubated for 10 min with either vehicle or AdA and stimulated with calcium ionophore A23187. Experiment was per-

formed once. *p < 0.05, **p < 0.01.

Using GC-MS based analysis, we showed increased total AdA
levels in both neutrophils and macrophages upon 10 min and
24 h incubation with AdA, respectively, compared with vehicle
(Fig. 5A, Supplemental Fig. 3A). Approximately 50% of the
added 5 pg of AdA was found in the cellular fraction of both
cell types after incubation. Next, we determined in which
lipid reservoir AdA is stored to obtain an indication about
the mechanisms underlying its inhibitory effect on AA re-
lease. To this end, we measured the neutrophil lipidome on a
commercial lipidomics platform (Lipidyzer) and showed that
AdA is stored in several different lipid reservoirs (Fig. 5B).
We could not detect any AdA in lysophospholipids or sphingo-
myelin lipids in any of the conditions (data not shown). Instead
AdA levels increased specifically in cholesteryl esters. AdA
accumulation in phosphatidylcholines (PC), diacylglycerides
(DAG), and triglycerides (TAG) was only detected after AdA
incubation in combination with calcium ionophore A23187

stimulation. AdA did not accumulate in phosphatidyletha-
nolamines (PE).

No apparent effects of AdA exposure on arrangement of AA in
higher-order lipids

Because AdA accumulated in phospholipid species such as PC, as
well as in DAG and TAG lipids, we hypothesized that AdA could
affect the release of AA from these compartments. In addition to
cytosolic phospholipase A2 (cPLA,) it has been shown that
adipose TAG lipase regulates AA release in neutrophils (34).
We therefore investigated the activity of different lipases involved
in AA release in these compartments. Surprisingly, AdA did not
have an effect on either cPLA,, measured by a phospholipase as-
say, or adipose TAG lipase activity, measured by a pan lipase assay
(Fig. 6A). These enzymes release AA from phospholipids and
TAGs, respectively. Because AdA does not appear to inhibit AA
release by affecting lipase activity, we next sought to investigate in
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supernatant

FIGURE 3. Migration toward soluble factors re-
leased by neutrophils activated in the presence of AdA
is impaired. (A) Schematic overview of the chemotaxis
experiment. (B) Migration of neutrophils toward su-

pernatant of neutrophils treated with AdA or vehicle Stimulate
(1% EtOH) and stimulated with calcium ionophore Lanord
A23187 or not. Number of migrated neutrophils was B
determined after 90 min. n = 3 donors tested, each with

supernatants of three independent donors in three in- 2105
dependent experiments. Donors B and C tested with g1 5%105-
the same set of supernatants. Statistical significance g

was established using a Wilcoxon signed-rank test. (C) ?_-} 1%105-
Concentrations of LTB, in the supernatants were de- [

termined by LC-MS/MS and quantified using an ex- é’ 5%104
ternal calibration line (ranging from O to 5 ng/ml).

Controls were performed in triplicates, means of n = 6
donors are shown. **p < 0.01.

more detail the compartments from which AA is released, using
the Lipidyzer platform. We were able to confirm the blunted cal-
cium ionophore A23187-mediated AA release in the presence of
AdA using this platform (Fig. 6B). This effect was specific for AA,
as AdA had no effect of free LA or DHA levels (Supplemental
Fig. 3B, 3C). In contrast to the clear effect of AdA exposure on free
AA release, we could not detect any build-up or (re)arrangement of
AA in any of the lipid compartments in which we detected AA
(Fig. 6C, 6D).

AdA protects from neutrophil-mediated experimental arthritis

Having observed abrogated LTB, synthesis, neutrophil migration,
and enhanced phagocytosis upon AdA treatment, we investigated
the in vivo relevance of these findings. Because our results show
inhibited neutrophil attraction by neutrophils exposed to AdA, we
investigated the anti-inflammatory and proresolving effects of
AdA in the K/BxN serum transfer arthritis model. This model has
been shown to be critically dependent on LTB, production by
neutrophils (35). In line with those results, we observed that AdA
limited the severity of arthritis in two independent experiments
carried out in two independent facilities (Fig. 7A). In both ex-
periments, we showed a decreased clinical score in AdA-treated

PRORESOLVING EFFECTS OF ADRENIC ACID

Add donor 2

Count
migrated cells

O

*k
-@- donor A (exp. 1) 41
- donor B (exp. 2)
-©- donor C (exp. 3) 34
24

LTB, (ng/ml)

mice, as well as a decrease in ankle thickness measured in one of

the experiments (Fig. 7A, Supplemental Fig. 4A). Interestingly,
the reduced arthritis severity correlated with lower levels of anti-
G6PI Abs in the serum of the AdA-treated mice (Fig. 7C, 7D).
The lower titers were not due to AdA interfering with the ELISA
(Supplemental Fig. 4B).

Discussion

In this study, we investigated the kinetics of both n-3 and n-6
PUFAs in the context of resolution of inflammation. We demon-
strated an accumulation of the n-6 PUFA AdA in the resolution
phase of the self-resolving peritonitis model. Specifically, in
neutrophils, AdA potently inhibited AA release and LTB, pro-
duction, reducing further attraction of neutrophils to the site of
inflammation. Furthermore, AdA enhanced phagocytosis and
efferocytosis by macrophages in vitro and the clearance of neu-
trophils in the peritonitis model in vivo. Finally, AdA clearly
showed the potential to prevent inflammation in the K/BxN se-
rum transfer model of arthritis. These findings indicate a novel
anti-inflammatory/proresolving function for the n-6 PUFA
AdA. Our data supports the notion that n-6 PUFAs are not
only proinflammatory but can have potent anti-inflammatory

A THP-1 cells B MO0 macrophages M1 macrophages
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FIGURE 4. AdA enhances phagocytosis. (A) Phagocytosis of opsonized fluorescent zymosan particles by THP-1-derived macrophages. Mean values of
n =3 donors performed in quadruplicates in three independent experiments. (B) Efferocytosis of apoptotic HL-60 cells by MO and M1 macrophages. n = 3
macrophage donors in three independent experiments. Linear-mixed model was performed to show statistical significance. *p < 0.05, **p < 0.01,

##%kp < 0.001. RFU, relative fluorescent unit.
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FIGURE 5. AdA incorporates in different fatty acid reservoirs in neutrophils. (A) Neutrophils were incubated with AdA or vehicle for 20 min. Total
levels of cellular AdA were quantified upon hydrolysis, using GC-MS. Three individual experiments were performed in triplicates; means and SD of n =3
donors are shown. One-way ANOVA was performed. (B) Neutrophils were incubated with AdA or vehicle for 10 min and were subsequently stimulated
with calcium ionophore A23187 or vehicle for 10 min. Next, cells were subjected to DMS-MS/MS using the Lipidyzer platform and cellular AdA
concentrations in various lipid classes were determined. Experiments were performed in triplicates and each line represents a donor (n = 4 donors in four
independent experiments). Matched two-way ANOVA was performed to compare baseline levels with AdA incubation, to compare the calcium ionophore
A23187 stimulated conditions, and to compare the effect of calcium ionophore A23187 stimulation after AdA incubation and to baseline. Values below
detection limit were assigned the null value. *p < 0.05, **p < 0.01, ***p < 0.001.

functions as well, and our data set the stage to delineate the
mechanisms underlying the biological effects of AdA presented
in this study.

Effects of AdA on AA were already proposed in 1980 by
indicating that AdA modulates the inflammatory effects of AA as
AdA limited the fall in blood pressure induced by AA injections
in rats (16). A few years later, it was shown that this effect of
AdA is due to the inhibition of PG I, formation by competing
with AA for cyclooxygenase enzymes as well as by reducing the
AA content of phosphatidylinositol structures in human endo-
thelial cells (17, 18). In this study, we were unable to show

build-up or (re)arrangement of AA levels in various lipid
compartments. However, this is probably due to the relatively
small amount of AA that is prevented from becoming free fatty
acid compared with the total amount of AA in the cell. Alter-
natively, AA might be released from lipid species we were
technically not able to measure, as for example phosphatidyli-
nositol lipids. Because AdA did not affect lipase activity, we
hypothesize that AdA might cause a strong activation of acyl-
transferases, for example the diglycerideacyltransferases, could
compensate the cPLA, effects upon calcium ionophore A23187
activation and reverse the balance from free AA to esterified AA.

0202 'S J8gOI00 U0 0IARS Akiq1T LAY T /BI0" [ountuuMmmy/:diny Woy papeojumoq


http://www.jimmunol.org/

8

A a5 301

T 5pl >

& 2 SE
Z £ 45 B £ 20

s E o £

<3 10 ® B
= E 3 g 109

£ 5 gL
0 0

‘leﬁ‘v.b?' 4&.(\?6?'

Phosphatidylcholine

n
o

-
(3]
o

Phosphatidylethanolamine

PRORESOLVING EFFECTS OF ADRENIC ACID

oy)

Free fatty aci
) Jg**

Total fatty acid

@)

AA (nmollg protein) J
S o
% /
AA (nmol/g protein)
g

50

’ Q _—
0 T T T T 0 T T T T

& & F 8 & @ Fo

& v i v
x v v o o
& e \s
3 o) ¥ B
& ¥ & v

*
_‘§ B *%k = E o
] 2
54 S 150
[=% 3 o
_%’ %’ 100
£ 2 £ .\/\‘
£, £ 50
& c T T T T é c T T T T
s & & @ s & ¥y @
T A A T
x v-l I? vkv
¥ & & B
W )
& v &
Diacylglycerides Triglycerides
E 0.4 E 3
£ 03 2
= =3
202 a2
o °
£ B
g 00 5 “0\./‘
0.1 T T T T 0 T T T T
A > A X 4 el
® 3 O &
& ?3,?\ ¥ v’-"@ X ‘35”\ N y'-"h\
?'3( x ex v.x
O o5
é\\o v_bv' é\\b v_b

&

FIGURE 6. AA concentrations in higher-order lipid compartments (A) Neutrophils pretreated with AdA or vehicle for 10 min were stimulated with
calcium ionophore A23187 for 2 (phospholipase [PLA]) or 10 (lipase) minutes. Enzyme activity was determined using activity assays. Means are shown
for both assays and SD are shown for PLA activity. n = 3 (PLA) and n = 2 (lipase), all performed in individual experiments. (B—D) Neutrophils were
incubated with AdA or vehicle for 10 min. Subsequently, they were stimulated with calcium ionophore A23187 or vehicle for 10 min. Next, the cells
were subjected to DMS-MS/MS using the Lipidyzer platform. Cellular AA levels, free (B), total (C), and within the PC, PE, DAG, and TAG classes (D)
are shown. Experiments were performed in triplicates, and values below detection limit were assigned the null value. Each line represents one
donor (n = 4 in four independent experiments). Matched two-way ANOVA was performed comparing the same conditions as for Fig. 5.*p < 0.05,

wHp < 0.01, ###5p < 0.0001.

The effect of AdA seems to be specific for AA, as we did not
observe this with another n-6 PUFA, LA, nor with the n-3 PUFAs
DHA and EPA.

The finding that AdA accumulated specifically inside the cells
during the resolution phase strongly points to the activation of a
cell-intrinsic mechanism to initiate the resolution phase. The source
of AdA might be AA itself because AA can be converted into AdA
by elongases as previously shown in RAW 264.7 macrophages (36).
This could be a mechanism by which the cells remove the no-
longer-needed substrate AA.

As we observed potent effects of AdA on LTB, production in
neutrophils, we have investigated the effect of AdA in an in vivo
inflammatory model dependent on LTB, production by neutro-
phils (35). In the K/BxN serum-—transferred arthritis model, we
expected that AdA would impair the capacity of neutrophils to
further amplify the inflammation through the production of LTB,.
Indeed, we observed a potent anti-inflammatory effect of AdA. Un-
expectedly, we observed a decrease in the arthritogenic anti-G6PI
Abs in the AdA-treated mice, in association with the lower clin-
ical arthritis score. Because all mice received the same amount of
serum containing the Abs, we hypothesize that these Abs might be
cleared from the circulation faster than in the untreated mice.
Indeed, we show that plasma titers of treated mice are already
lower than those of untreated mice at day 10 of the experiment.
These results are in line with the enhanced ability of AdA-exposed
macrophages to phagocytose, possibly allowing the enhanced
clearance of arthritogenic immune complexes by these macro-
phages. Indeed, it is known that anti-G6PI Abs form immune
complexes (37, 38). We therefore propose that, in addition to
inhibiting neutrophil-derived LTB, production, AdA might also

enhance the macrophage-mediated clearance of anti-G6PI Abs in
this model.

The increase in AdA levels and the disappearance of LTB, from
the peritoneal cavity at the initiation of the resolution phase is
consistent with our finding that neutrophils exposed to AdA in-
hibit LTB, production. However, AA and AA metabolites such as
PGE, and TXB; still increase while AdA levels are also increased.
Because there are predominantly macrophages in the peritoneum
at this timepoint, the increase of AA and AA metabolites point
toward a different proresolving activity than what we show in
neutrophils. For example, it was shown that macrophage pop-
ulations sustain PGE, production during the late resolution phases
in murine peritonitis to prevent autoimmune reactions (39).

Consistent with the data presented in this study, the same effect
on LTB, production in neutrophils has been described by others
after dietary n-3 supplementation with EPA and DHA (40, 41).
However, this is the first time, to our knowledge, that the effect on
LTB, production has been described for an n-6 PUFA, and the
effect of AdA has never been tested in clinical trials. Although it is
likely that the results presented in this study are due to the effects
of AdA, we have not investigated whether AdA is enzymatically
or nonenzymatically converted to any downstream products such
as the 15-LOX metabolite 17-HDoTE (42).

Our data emphasize that n-6 fatty acids should not be cate-
gorized as merely proinflammatory as they can have potent
anti-inflammatory effects as well. Importantly, they highlight a
previously unappreciated anti-inflammatory and proresolving
effect of AdA, offering an emerging therapeutic candidate in in-
flammatory disease such as atherosclerosis, autoimmune diseases,
asthma, and cancer.
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executed independently in two different laboratories. Mice were administered AdA from day -3 till the end of the experiment. Mean and SD are shown
(n =5 mice per group per experiment). Statistical significance was established using a repeated measures ANOVA as a mixed model. (B) Serum anti-G6PI
Abs of day 14 measured by ELISA in mice from experiment 1. Mean and SD are shown. (C) Anti-G6PI Abs over time of experiment 2 together with
controls. Plasma was diluted 1:100. Each dot represents a mouse, and the mean of duplicates is shown. Statistical significance in (B) and (C) was established
using Student 7 tests. *p < 0.05, **p < 0.01, ***p < 0.001.
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