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Abstract

The 5-lipoxygenase product 5-0x0-6,8,11,14-eicosatetraenoic acid (5-0x0-ETE) is the most
powerful human eosinophil chemoattractant among lipid mediators and could play a major
pathophysiological role in eosinophilic diseases such as asthma. Its actions are mediated by the
OXE receptor, orthologs of which are found in many species from humans to fish, but not rodents.
The unavailability of rodent models to examine the pathophysiological roles of 5-oxo-ETE and the
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OXE receptor has substantially hampered progress in this area. As an alternative, we have
explored the possibility that the cat could serve as an appropriate animal model to investigate the
role of 5-oxo-ETE. We found that feline peripheral blood leukocytes synthesize 5-oxo-ETE and
that physiologically relevant levels of 5-0x0-ETE are present in bronchoalveolar lavage fluid from
cats with experimentally induced asthma. 5-Oxo-ETE (ECsg, 0.7 nM) is a much more potent
activator of actin polymerization in feline eosinophils than various other eicosanoids, including
leukotriene (LT) B4 and prostaglandin D,. 5-Ox0-ETE and LTBy, induce feline leukocyte
migration to similar extents at low concentrations (1 nM), but at higher concentrations the
response to 5-oxo-ETE is much greater. Although high concentrations of selective human OXE
receptor antagonists blocked 5-oxo-ETE-induced actin polymerization in feline granulocytes, their
potencies were about 200 times lower than for human granulocytes. We conclude that feline
leukocytes synthesize and respond to 5-oxo-ETE, which could potentially play an important role
in feline asthma, a common condition in this species. The cat could serve as a useful animal model
to investigate the pathophysiological role of 5-oxo0-ETE.

Graphical Abstract
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1. Introduction

5-Ox0-6,8,11,14-eicosatetraenoic acid (5-oxo-ETE) is produced by the 5-lipoxygenase (5-
LO) pathway along with leukotrienes (LTS) Ba, Ca4, D4, and Eg4. It is formed by 5-
hydroxyeicosanoid dehydrogenase (5-HEDH), which oxidizes 5S-hydroxy-6,8,11,14-
eicosatetraenoic acid (5S-HETE) in the presence of NADP* [1] (Fig. 1). 5-HEDH is highly
selective for both 5S-HETE and NADP™ and is found in most types of inflammatory cells as
well as in platelets, endothelial cells, epithelial cells, and many cancer cell lines [2]. Its
synthesis is dependent on the availability of both 5S-HETE and NADP*, which is normally
present at very low concentrations within cells [3]. Conditions that promote the oxidation of
NADPH to NADP*, including activation of the respiratory burst in phagocytic cells,
oxidative stress, and cell death, strongly enhance 5-oxo-ETE synthesis [4-6].

5-Oxo-ETE is a potent chemoattractant for human eosinophils [7] and neutrophils [8].
Although it is not as potent as LTB, in inducing neutrophil migration, it is the only 5-LO
product with appreciable chemoattractant effects on human eosinophils, with the exception
of its 15-LO-generated metabolite 5-0x0-15-HETE, which, although less potent than 5-oxo-
ETE, acts by the same OXE receptor [7, 9, 10]. 5-Oxo-ETE also elicits a variety of other
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responses in neutrophils and eosinophils, including calcium mobilization, actin
polymerization, CD11b expression, degranulation, and superoxide production [2, 11, 12]. It
also promotes the transmigration of eosinophils across endothelial cell monolayers [13] as
well as eosinophil infiltration into the skin when injected intradermally in humans [14].

As is the case for other 5-LO products, the actions of 5-o0xo-ETE are mediated by a G
protein-coupled receptor. The OXE receptor for 5-o0xo-ETE is encoded by the OXERI gene
[15] and was identified independently by three groups as a 423 amino acid-containing
protein [16-18]. It is expressed very highly on eosinophils and basophils and to a lesser
extent on neutrophils and monocytes/macrophages [17, 19, 20]. Although OXERI orthologs
exist in many species, including several species of fish, this gene is not present in mice, rats,
or guinea pigs. Because of the widespread use of the latter as animal models, this has
significantly impeded progress in determining the pathophysiological role of 5-0x0-ETE. In
contrast to rodents, cats have an OXER? ortholog that would encode a protein of 422 amino
acids that is 75% identical to the human OXE receptor. To determine whether the cat might
be a suitable animal model to investigate the pathophysiological role of 5-0x0-ETE in
eosinophilic diseases such as asthma, we examined the ability of feline leukocytes to
respond to and to synthesize 5-oxo-ETE. We found that 5-0x0-ETE is a potent activator of
feline eosinophils and neutrophils and that feline leukocytes synthesize 5-oxo-ETE.

2. Materials and methods

2.1. Materials

5-Ox0-ETE [21], 5-HETE [22], LTB4 [23], 230 [24], and 264 [24] were prepared by
chemical synthesis as previously described. 135-Hydroxy-9Z,11E-octadecadienoic acid (13-
HODE), which was used as an internal standard for HPLC, was prepared by oxidation of
linoleic acid with soybean lipoxygenase Type 1B (Sigma-Aldrich, Inc., St. Louis, MO) [25].
Arachidonic acid (AA) was obtained from Nuchek Prep Inc, Elysian, MN, and was purified
by reversed-phase high performance liquid chromatography (RP-HPLC) before use.
Prostaglandin D, (PGD,) and A23187 were purchased from Cayman Chemical, Ann Arbor,
MI and Calbiochem, LaJolla, CA, respectively. Phorbol myristate acetate (PMA), phenazine
methosulfate (PMS), Guel1654 (7-(methylthio)-2-[(2,2-diphenylacetyl)amino]benzo[1,2-d:
4,3-d’]bisthiazole), dichloromethane, N,N-diisopropylethylamine (DIPEA), and
pentafluorobenzyl bromide (PFBBr) were obtained from Sigma-Aldrich, St. Louis, MO. LC-
MS Optima grade hexanes, methanol, methyl-t-butyl ether, and isopropanol were obtained
from Fisher Scientific (San Jose, CA).

2.2. Preparation of feline peripheral blood leukocytes

Feline blood (up to 5 mL per animal) was collected in heparinized tubes from animals
housed at the Centre hospitalier universitaire vétérinaire, Université de Montréal, Saint-
Hyacinthe, Quebec. The animals used in all parts of this study were a mixture of males and
females. The protocol was approved by the ethics committee for the use of animals of the
University of Montreal. Blood was mixed with a solution of dextran 500 (from Leuconostoc;
Sigma-Aldrich) and the red cells were allowed to sediment under unit gravity at 4 °C for 45
min. The supernatant was centrifuged and the cells in the pellet were subjected to hypotonic
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lysis to remove red cells. The resulting leukocyte fraction was suspended in phosphate-
buffered saline (PBS) containing NaCl (137 mM), KCI (2.7 mM), KH,PO4 (1.5 mM), and
Na,HPO,4 (8.1 mM) at a pH of 7.4 and used to investigate the biosynthesis of 5-oxo-ETE
and its effects on calcium mobilization, actin polymerization, and cell migration as described
below.

2.3. Preparation of feline bronchoalveolar lavage (BAL) fluid supernatant and cells

Cats with experimentally induced asthma were sensitized and challenged with Bermuda
grass allergen as previously described [26] and briefly anesthetized for collection of BAL
fluid. This part of the study was approved by the University of Missouri Animal Care and
Use Committee. Lavage fluid was collected by feeding an 8 French red rubber catheter down
a 4 mm endotracheal tube until gently wedged, instilling 20 mL sterile saline and gently
aspirating. The BAL fluid was filtered by passing through a single layer of sterile gauze to
remove mucus and the flow-through was subsequently centrifuged at 300 x g for 10 min.
The supernatant was removed and stored at =80 °C until analysis. A cytospin was performed
on the cell pellet, stained with Wright-Giemsa and a differential count performed. BAL cells
(1 x 10 cells in 1 mL RPMI 1640 containing penicillin (50 1U/mL), streptomycin (100
ug/mL) amphotericin B (0.5 pg/mL) and heat-inactivated FCS (10%)) were plated in 6-well
tissue culture plates for 2 h at 37 °C in 5% CO,. Nonadherent cells were collected after
gentle swirling and washing twice with RPMI 1640, pelleted, and viable cells counted on a
hemocytometer using trypan blue (0.1%). Adherent cells (alveolar macrophages) were
detached by incubating 1 mL PBS containing EDTA (5 mM) for 5 min and aggressively
pipetting up-and-down. Washed cells in PBS were counted as described above. AA
metabolism by BAL cells was evaluated by incubating adherent and non-adherent cells (5 x
10° cells in 0.5 mL PBS containing Ca** and Mg™*) with AA (20 pM), A23187 (5 pM) and
PMA (100 nM) at 37 °C. The incubations were terminated after 30 min by the addition of
0.5 mL methanol. The samples were stored at —80 °C prior to RP-HPLC analysis.

2.4. Measurement of 5-ox0-ETE by RP-HPLC

To evaluate 5-HEDH activity, peripheral blood leukocytes (2.5 x 10° cells in 0.5 mL PBS
containing CaCl, (1.8 mM) and MgCl, (1 mM)) were preincubated for 5 min with
phenazine methosulfate (50 pM), followed by incubation with 5S-HETE (4 uM) for an
additional 10 min. The incubations were terminated by the addition of ice-cold methanol
(0.33 mL) and the products were analyzed by precolumn extraction-RP-HPLC [27] using a
modified Waters 2695 Alliance system (Waters Corp., Mississauga, ON) with a photodiode
array detector (Waters model 2996). The stationary phase was a Nova-Pak C18 column
(Waters Corp) maintained at 35 °C and the mobile phase was a linear gradient between
solvents A (water containing 0.02% HOAC) and B (acetonitrile containing 0.02% HOAC) as
follows: 0 min: 65% B; 1.5 min: 65% B; 6 min: 82% B; 8 min: 82% B. The flow rate was 1
mL/min. 13-HODE (30 ng) was used as an internal standard.

For evaluation of AA metabolism by BAL cells, the HPLC conditions were similar to those
described above except that PGB, (100 ng) was used as an internal standard and a more
complex gradient was used: 0 min: water/acetonitrile/methanol/acetic acid (60:30:10:0.02);
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40 min: water/acetonitrile/methanol/acetic acid (10:38:52:0.02). The flow rate was 1 mL/
min.

2.5. Measurement of 5-ox0-ETE in BAL fluid by liquid chromatography/mass spectrometry

5-Ox0-ETE was measured in BAL fluid samples using 5-ox0-[11,12,14,15-2H]ETE (d4-5-
0x0-ETE), synthesized as described previously [28], as an internal standard. Samples of
BAL fluid were thawed and d4-5-0x0-ETE (1 ng) was added to aliquots (500 uL) of each
sample, which were then extracted by addition of 4 volumes of methyl-t-butyl ether followed
by 15 min of vigorous shaking and centrifugation at 3000 rpm for 5 min at 4 °C. The organic
layer was transferred to a clean glass tube and evaporated to dryness under nitrogen gas. For
absolute quantification of 5-oxo0-ETE, a 10 point standard curve ranging from 0 to 1 ng was
generated by adding pure standards to PBS (pH 6.7; Invitrogen, Carlsbad, CA) followed by
extraction as described above. Dried samples and standards were reconstituted in 5% ethanol
in hexanes (50 pL) of which 20 pL was injected. A Water's Alliance 2690 HPLC system was
used for liquid chromatography separations. The PFB derivatives of 5-0x0-ETE and dg-5-
0x0-ETE were separated using a normal phase Chiralpak AD-H column (250 x 4.6 mm, 5
um particle size; Daicel Chiral Technologies, Westchester, PA) with a 1 mL/min flow rate
modified from a previous method [29]. Solvent A was hexanes and solvent B was
isopropanol/hexane (6:4; v/v). The composition of the gradient was: 0 min: 2% B; 14.5 min:
2% B; 15 min: 12% B; 17 min: 90% B; 22 min: 90%. For electron capture atmospheric
pressure chemical ionization mass spectrometry a Thermo Triple Stage Quadrupole (TSQ
Quantum) mass spectrometer (Thermo Scientific) with an APCI source was operated in
negative ion mode as previously described [30]. The following transitions corresponding to
each compound were monitored; 5-oxo-ETE-PFB, m/z 317 to 203 [collision energy (CE), 18
eV] and d4-5-0x0-ETE-PFB, m/z 321 to 207 [(CE), 18 eV]. Data analysis was performed
using Xcalibur software (Thermo Scientific). All values were interpolated from a linear
standard curve (y = 0.0579x + 0.0056, r2 > 0.99).

2.6. Measurement of calcium mobilization in feline eosinophils and neutrophils

Intracellular calcium levels were measured in feline peripheral blood granulocytes by
modification of a method previously used for human cells [31]. Leukocytes (107 cells/mL)
were treated with the acetoxymethyl ester of fluo-3 (2 uM; Life Technologies Inc,
Burlington, Ontario) in the presence of Pluronic F-127 (0.02%; Life Technologies) for 60
min at 23 °C. Following centrifugation at 200 x g for 10 min the pellet was resuspended in
PBS to give a concentration of 50 x 10° cells/mL. The leukocytes were then treated with
allophycocyanin-labeled mouse anti-human CD49d (2 uL/108 cells; clone 9F10; BioLegend,
San Diego, CA) for 30 min at 0 °C. PBS (1 mL) was then added, the mixture centrifuged as
described above, and the pellet resuspended in PBS to give a concentration of 2 x 106
leukocytes/mL. After incubation at 23 °C for 30 min, an aliquot (1 mL) of the leukocyte
suspension was removed and treated with PBS (50 {L) containing Ca** (36 mM) and
Mg** (20 mM). After 5 min, the cells were analyzed by flow cytometry using a
FACSCalibur instrument (Becton-Dickinson, San Jose, CA). Approximately 10° cells were
counted over 3 to 4 min for each sample. Fluo-3 fluorescence was measured in eosinophils
and neutrophils, which were gated out on the basis of CD49d staining and side and forward
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scatter (see Fig. 5 below). Maximal calcium responses were determined by addition of
A23187 (10 uM) at the end of each run.

2.7. Assessment of actin polymerization in feline eosinophils and neutrophils

Polymerized F-actin was measured in leukocytes as described previously [24]. Peripheral
blood leukocytes were treated with allophycocyanin-labeled anti-CD49d and suspended in
PBS containing Ca** (1.8 mM) and Mg** (1 mM) at a concentration of 5 x 10° cells/mL.
Aliquots (100 uL) were incubated with either vehicle (PBS containing Ca**, Mg**, and
0.1% BSA) or different concentrations of eicosanoids for 20 s, followed by the addition of
formaldehyde (final concentration of 8.5%). The cells were kept on ice for 30 min and then
treated with a mixture of lysophosphatidylcholine (30 pg in 30 pL PBS) and N-(7-
nitrobenz-2-oxa-1,3-diazol-4-yl)phallacidin (NBD-phallacidin; Life Technologies Inc; 40.8
pmol in 6.18 uL methanol; final concentration, 0.3 uM). After being kept overnight in the
dark at 4 °C the levels of F-actin were evaluated by flow cytometry. Eosinophils were
identified by high side scatter and high expression of CD49d, whereas neutrophils displayed
lower side scatter and CD49d expression. To evaluate the effects of OXE antagonists cells
were preincubated for 5 min with vehicle (1 uL DMSO) or different concentrations of 230,
264, or Guel654 prior to the addition of 5-0x0-ETE (10 nM).

2.8. Evaluation of peripheral blood leukocyte migration

Leukocyte migration was measured using 48-well microchemotaxis chambers (Neuro Probe
Inc., Cabin John, MD) with Sartorius cellulose nitrate filters (8 um pore size; 140 um
thickness; Neuro Probe Inc) [32]. Vehicle (PBS containing Ca**, Mg** and 0.3% BSA) or
different concentrations of 5-oxo-ETE or LTB4 were added to the bottom wells, whereas
leukocytes (150,000 cells in PBS containing Ca**, Mg** and 0.4% OVA) were added to
each of the top wells. To investigate the effects of OXE receptor antagonists on cell
migration either vehicle, 230 (10 uM), or 264 (10 uM) were added to both the top and
bottom wells. After incubation for 2 h at 37 °C in 5% CO» and humidified air the cells were
stained using hematoxylin (Canadawide Scientific, Ottawa, Ontario) followed by
chromotrope 2R (Sigma Chemical Co) and the numbers of cells on the bottom surfaces were
counted in five different fields at a magnification of 400x for each well. All incubations were
performed in triplicate.

2.9. Data analysis

3. Results

The statistical significance of differences was assessed by either ANOVA (Kruskal-Wallis
one-way analysis of variance on ranks using Dunn's method as a multiple comparison
procedure) or by Student's t-test as appropriate. The value of “n” refers to the number of
independent experiments performed on leukocytes or samples from different cats. In some
cases (Fig. 6 and Fig. 8C), data are expressed as percentages of the maximal response to 5-
oxo0-ETE.

Because of the limited quantities of feline blood available, we used a preparation of mixed
peripheral blood leukocytes for all experiments on blood cells. These cells consisted of
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neutrophils (26 = 3%) and eosinophils (9 £ 2%) with the remainder being mononuclear
cells. In some cases, populations of eosinophils and neutrophils were identified using flow
cytometry.

3.1 Feline peripheral blood leukocytes and bronchoalveolar lavage cells synthesize 5-oxo-

ETE

To determine whether feline leukocytes can synthesize 5-oxo-ETE, mixed peripheral blood
leukocytes were incubated with 5S-HETE in the presence of PMS, which nonenzymatically
converts intracellular NADPH to NADP* [33]. Analysis by RP-HPLC (Fig. 2A) revealed
that 5S-HETE was converted to a single product with a retention time (6.34 min) and UV
spectrum (Amax, 280 nm; Fig. 2B) identical to those of authentic 5-oxo-ETE. The amount of
5-0x0-ETE formed under these conditions was 32 + 7 pmol/10° leukocytes.

We also investigated the formation of 5-oxo0-ETE by BAL cells obtained from cats with
experimentally induced asthma in which allergen sensitization and challenge lead to the
hallmark feature of airway eosinophilia. BAL cells were separated into two fractions based
on adherence to plastic. Both adherent cells, which were mainly macrophages, and non-
adherent cells, mainly eosinophils and neutrophils, converted AA to 5-LO products in the
presence of the calcium ionophore A23187 and PMA (Fig. 3). In the case of adherent cells
the main products were 5-HETE and 5-oxo0-ETE, along with smaller amounts of LTB,4 (p <
0.05). We previously observed substantial amounts of 5-0x0-ETE compared to LTBy, in
incubations with human monocytes, which display little ow-oxidation activity, especially at
longer time points [34]. Non-adherent cells produced greater amounts of 5-HETE than 5-
0X0-ETE and LTB,4 (p < 0.05). Although 5-ox0-ETE tended to be produced in larger
quantities than LTBy, there was considerable variability among animals and this difference
was not statistically significant. We did not observe w-oxidation products of LTB,4 in these
experiments, although the conditions that we used were not optimized to measure these
products and we cannot exclude the possibility that they were present.

3.2 Levels of 5-0x0-ETE in BAL fluid

The concentrations of 5-0x0-ETE in BAL fluid supernatant fractions obtained from
allergensensitized cats were measured by LC-MS-MS using deuterium-labelled 5-0xo-ETE
as an internal standard (Fig, 4). The amounts of 5-oxo0-ETE were determined from the ratios
of the peak areas for ds-5-0xo-ETE (Fig. 4A) and endogenous unlabeled 5-oxo-ETE (Fig.
4B). The mean concentration of 5-o0xo-ETE in feline BAL fluid was 0.41 £ 0.11 nM (n=7).

3.3. 5-Ox0-ETE elicits calcium mobilization in feline peripheral blood eosinophils and

neutrophils

We examined the effects of 5-0x0-ETE on calcium mobilization in granulocytes using flow
cytometry (Fig. 5). Since this assay requires larger numbers of cells than others, it was only
possible to test a limited number of conditions. The cells were loaded with the calcium-
sensitive dye fluo-3 and stained with anti-human CD49d prior to treatment with agonists.
Eosinophils were identified principally by high levels of side scatter as well as by moderate
CDA49d staining (Fig. 5A). They were further gated on the basis of their low forward scatter
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properties (Fig. 5B). Neutrophils were identified on the basis of moderate forward and side
scatter, as well as lower staining with anti-CD49d (Figures 5A and 5C).

5-Ox0-ETE (10 nM) elicited a very strong biphasic calcium response in feline eosinophils,
consisting of an initial spike followed by a second peak about 15 s later (Fig. 5D). This
pattern was consistently observed with eosinophils from all of the cats tested. PGD, (100
nM) also rapidly induced calcium mobilization in feline eosinophils, but to a lesser extent
than 5-oxo0-ETE and a secondary peak was not observed (Fig. 5E). 5-Oxo-ETE elicited a
single peak of cytosolic calcium in neutrophils, but the response was less intense than with
eosinophils (Fig. 5F). In contrast, PGD, did not alter intracellular calcium levels in
neutrophils (Fig. 5G). LTB4 (10 nM) (Fig. 51) also mobilized intracellular calcium in
eosinophils to an extent similar to PGD, (Fig. 51) but weaker than that induced by 5-oxo-
ETE (Fig. 5H). In contrast, LTB,4 induced a stronger (monophasic) response in neutrophils
(Fig. 5K) than 5-oxo-ETE (Fig. 5J).

3.4. 5-Ox0-ETE is a potent stimulator of actin polymerization in feline peripheral blood
granulocytes

The effects of 5-0x0-ETE, LTB,4, and PGD5 on actin polymerization in feline granulocytes
were evaluated in anti-CD49d-labeled leukocytes by flow cytometry, following staining of
polymerized F-actin with NBD-phallacidin. 5-Oxo-ETE was a highly potent stimulator of
actin polymerization in eosinophils with an ECg of 0.72 + 0.19 nM and was considerably
more potent than both LTB,4 (ECsp, 60 + 31 nM) and PGD» (ECsgg, 14 £ 2 nM) (p < 0.05)
(Fig. 6A), In contrast, LTB,4 appeared to be more potent in stimulating actin polymerization
in neutrophils (ECsgg, 0.3 = 0.05 nM) compared to 5-0x0-ETE (ECgg, 2.7 £ 1.2 nM), but this
difference was not statistically significant. PGD, had no effect on actin polymerization in
neutrophils.

3.5. 5-Ox0-ETE is a chemoattractant for feline leukocytes

The effects of 5-0xo-ETE and LTB,4 on the migration of unfractionated peripheral blood
leukocytes were evaluated using modified Boyden chambers (Fig. 6C). At the lowest
concentration tested (1 nM), 5-oxo0-ETE and LTB, induced similar degrees of leukocyte
migration. However, the maximal response to 5-0x0-ETE was about 3 times greater than that
to LTBy4 (p < 0.05). The ECgq for LTB,4 (1.2 + 0.4 nM) was significantly lower than that for
5-0x0-ETE (24 + 16 nM) (p < 0.05). There was considerable variability in the response to
LTBg4, possibly related to variations in the cellular composition of leukocyte fractions among
cats.

3.6. Human OXE receptor antagonists have only weak effects on feline granulocytes

We previously identified two indole derivatives (compounds 230 and 264; Fig. 7) as potent
OXE receptor antagonists that selectively block the effects of 5-0xo-ETE on human
eosinophils and neutrophils with 1Csq values of about 30 nM [24]. To determine whether
these compounds are active against the feline OXE receptor we investigated their effects on
5-oxo0-ETE-induced actin polymerization. At concentrations of 1 pM, which nearly
completely blocked the responses to 5-0x0-ETE in human eosinophils and neutrophils,
neither antagonist inhibited 5-oxo-ETE-induced actin polymerization in either eosinophils
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(Fig. 8A) or neutrophils (Fig. 8B). However, both antagonists had inhibitory effects at higher
concentrations. The 1Csq values for 230 for inhibition of 5-oxo-ETE-induced actin
polymerization in eosinophils and neutrophils were respectively 10 £ 3and 7 + 3 uM,
whereas the corresponding values for 264 were 6 + 2 and 5 = 2 pM. In contrast, another
OXE receptor antagonist, Guel1654 [35], at concentrations up to 30 uM, had no effect on the
response to 5-oxo-ETE (data not shown).

We also tested the effects of OXE receptor antagonists on 5-oxo-ETE-induced leukocyte
migration. In this case a single concentration (10 uM) of antagonist was added to both the
top and bottom wells. Neither antagonist had an appreciable effect on the concentration-
response curve to 5-0xo-ETE (Fig. 8C).

4. Discussion

To determine whether feline leukocytes possess 5-HEDH activity we examined the ability of
feline peripheral blood leukocytes to convert 5S-HETE to 5-ox0-ETE in the presence of
PMS. We previously showed that this is an excellent means of assessing 5-HEDH activity in
intact cells, as PMS efficiently nonenzymatically converts intracellular NADPH to

NADP?* [4]. The intracellular ratio of NADP* to NADPH is critical in regulating 5-oxo-ETE
synthesis [3], as it is very low in resting unstimulated cells in order to maintain a reducing
environment to protect against excessive oxidative stress. Similar results were obtained with
PMA (data not shown), which triggers the respiratory burst in phagocytic cells, strongly
stimulating 5-0xo-ETE synthesis [3, 36]. These experiments clearly reveal the presence of 5-
HEDH activity in feline leukocytes. However, the amounts of 5-0xo-ETE synthesized were
about 5-10 times less that what we previously observed with human monocytes and
neutrophils under similar conditions [3]. Although this could be in part due to the fact that
we used unfractionated leukocytes (about 35% granulocytes) in the present study because of
the limited quantities of feline blood available, it seems likely that feline leukocytes do have
a lower capacity to synthesize 5-oxo-ETE compared to human cells. Additionally, we
evaluated 5-oxo0-ETE synthesis by BAL cells from cats sensitized and challenged with
Bermuda grass allergen to induce airway inflammation, characterized by increases in
eosinophils and other activated inflammatory cells. Both adherent (i.e. macrophages) and
nonadherent (mainly eosinophils with smaller percentages of neutrophils) BAL cells
synthesized 5-oxo-ETE along with smaller amounts of LTB,4. Furthermore, BAL fluid from
cats with experimentally induced asthma contained significant amounts of 5-0xo-ETE as
measured by LC-MS. This would be consistent with a role for this substance in allergic
airways disease in cats, a species that serves as a large animal pre-clinical model for human
allergic asthma. To our knowledge this is the first report of the presence of 5-oxo0-ETE in
BAL fluid from any species.

Because of the small quantities of blood available it was not practical to separate different
fractions of leukocytes prior to evaluation of their responses. However, by using flow
cytometry we were able to gate out both eosinophils and neutrophils. We have previously
shown that both 5-oxo-ETE and LTB, induce calcium transients and actin polymerization in
both of these cell types from humans [2], whereas PGD, induces these responses in
eosinophils but not neutrophils [37]. 5-Oxo-ETE and PGD, are both chemoattractants for
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human eosinophils, with 5-0xo-ETE inducing a much stronger response [37]. Although
LTB, is capable of inducing various responses in human eosinophils [38], it does not have
significant chemoattractant effects on these cells [7]. Therefore it was important to compare
the effects of 5-oxo0-ETE with those of PGD, as well as LTB,4 on eosinophil responses. 5-
Oxo-ETE elicits a highly reproducible strong biphasic calcium response in feline
eosinophils, in contrast to the simpler monophasic responses observed for PGD, and LTB,.
The initial rapid response, which was maximal by about 2 s, is presumably due to activation
of phospholipase C followed by IP3-mediated calcium mobilization in direct response to
activation of the OXE receptor [39]. The second delayed response peaks about 15 s later and
could possibly be due to secondary activation of store-operated calcium channels [40] on the
eosinophil plasma membrane. Alternatively, 5-0xo-ETE could elicit the release of a second
mediator from either eosinophils or neutrophils. For example, 5-0xo-ETE has been reported
to activate cPLA, in neutrophils and thereby stimulate the release of AA from these cells
[41]. Both of these possibilities would explain the delay between the two calcium peaks.
With human eosinophils we only observed a single monophasic rise in intracellular calcium
levels [31]. In contrast to 5-0x0-ETE, LTB,4 and PGD, elicited simple monophasic increases
in intracellular calcium in eosinophils of lower intensity than that observed for 5-oxo-ETE.
The profiles of these responses were highly reproducible among different animals. 5-Oxo-
ETE elicited more modest monophasic calcium transients in feline neutrophils, slightly less
intense than the monophasic response observed for LTBy. In contrast to its effect on
eosinophils, PGD, was unable to mobilize calcium in feline neutrophils, suggesting that the
DP, receptor is absent from these cells as it is from human neutrophils, which similarly do
not respond to this prostaglandin [37]. Similar results were obtained when we examined the
effects of PGD5 on actin polymerization, with only eosinophils responding. The ability of
PGD, to activate both calcium mobilization and actin polymerization in eosinophils but not
neutrophils validates the identities of the cell populations that were gated out on the basis of
forward scatter, side scatter, and CD49d staining in the flow cytometry assays used to
measure these responses.

We were able to conduct more extensive experiments on actin polymerization in feline
eosinophils and neutrophils because of the small numbers of cells required for these assays.
5-Oxo0-ETE is a very potent activator of actin polymerization in feline eosinophils, with an
ECsg of about 0.7 nM, which is about 7 times lower than its ECsq for inducing the
corresponding response in human eosinophils [42]. Furthermore, 5-0xo-ETE is at least 20
times more potent than PGD, and LTBy, in stimulating actin polymerization in feline
eosinophils. The greater sensitivity of feline cells to 5-oxo0-ETE should compensate for the
lesser ability of feline leukocytes to synthesize this substance. The concentration of 5-0xo-
ETE in BAL fluid (0.4 nM) is only slightly lower than its ECsg in activating eosinophils.
Considering that 5-oxo0-ETE in the airway lumen is considerably diluted by the saline used
for lavage, this would suggest that biologically relevant concentrations of 5-oxo-ETE would
be present in the lungs of the cats under study. These results, along with the potent
chemoattractant effects of 5-0x0-ETE for feline granulocytes, would be consistent with a
biological role for this eicosanoid in the cat, possibly as a proinflammatory mediator in
feline asthma, which is a common disorder in this species [43].
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5-Ox0-ETE induced a strong chemotactic response in feline leukocytes. At the lowest
concentration tested (1 nM) 5-oxo-ETE and LTBy elicited similar responses, but at higher
concentrations, the response to 5-0xo-ETE was considerably greater. Nevertheless, the ECsg
for LTB4 was about 20 times lower than that for 5-oxo0-ETE. The very intense response to 5-
ox0-ETE was a little surprising, since the majority of granulocytes in the mixed leukocyte
preparations that we used were neutrophils. However, substantial numbers of eosinophils
were also present (about 25% of granulocytes) and the very strong response of these cells to
5-0x0-ETE may at least in part explain these results. We have previously noted that the
maximal chemotactic response elicited in eosinophils by 5-ox0-ETE is substantially greater
than the responses elicited by a number of other eosinophil chemoattractants, including
platelet-activating factor [7], eotaxin [42], and PGD, [37]. It is also possible that the cats
used in this part of the study had some degree of asthma, which is common in this species,
and could have resulted in enhanced eosinophil responsiveness to 5-oxo-ETE.

The two compounds (230 and 264) that we had previously identified as potent antagonists of
the human OXE receptor had only weak effects on the responses of feline granulocytes to 5-
0x0-ETE and were only active at concentrations in excess of 1 uM. Moreover, high
concentrations of these antagonists did not appreciably affect the chemoattractant effect of
5-0x0-ETE on feline granulocytes. This is probably due to differences between the protein
sequences of the feline and human OXE receptors. Although both respond very well to 5-
0x0-ETE, the antagonists presumably do not interact nearly as well with the feline receptor,
the sequence of which is 75% identical to the human receptor. Species selectivity of
antagonists has also been reported for other receptors. For example, a series of human NKy
receptor antagonists have at least 100 times greater affinity for the human receptor compared
to the rat or mouse receptors, even though the protein sequences of the latter differ by only
5% from the human receptor [44]. In contrast, the natural ligand substance P has similar
effects on NK receptors from all three species. Species differences have also been observed
for inhibitors of mMPGES-1 (microsomal PGE, synthase). MF63 is a potent inhibitor of
human mPGES-1, but fails to inhibit the rat and mouse orthologs of this enzyme [45].

In conclusion, 5-ox0-ETE is a highly potent activator of feline granulocytes and is much
more potent than other eicosanoids, including PGD, and LTBy, in activating feline
eosinophils. Furthermore, 5-0xo-ETE is synthesized by feline leukocytes and is present in
biologically relevant concentrations in BAL fluid from cats with experimentally induced
asthma. These results would suggest that 5-oxo-ETE may be an important mediator in feline
asthma, which is a common disease in this species. Selective antagonists targeting the feline
OXE receptor would aid in unraveling the pathophysiological roles of 5-oxo-ETE in cats and
could be useful therapeutic agents in treating allergic feline asthma. While current human
OXE receptor antagonists have only modest inhibitory effects on 5-oxo-ETE-induced
responses in the cat, further research to increase antagonist potency is warranted. More
importantly, in view of the lack of OXERI orthologs in rodents, the cat could serve as an
excellent animal model to investigate the pathophysiological role of 5-0xo-ETE in human
asthma.
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Figure 1. Biosynthesis and biological effects of 5-oxo-ETE
5-Ox0-ETE is synthesized by oxidation of the 5-LO product 5S-HETE by 5-HEDH in the

presence of NADP*. Its synthesis is limited by the availability of NADP™, which can be
generated from NADPH in the presence of phenazine methosulfate (PMS) or by activation
of the respiratory burst by phorbol myristate acetate (PMA). 5-Oxo-ETE activates
eosinophils and neutrophils via the OXE receptor, which can be blocked in human cells by
the selective antagonists 230 and 264. Px, peroxidase.
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Figure 2. Biosynthesis of 5-0x0-ETE by feline peripheral blood leukocytes
Feline leukocytes (2.5 x 10° cells in 0.5 mL) were preincubated with PMS (50 uM) for 5

min, followed by incubation with 5S-HETE (4 uM) for an additional 10 min. A: the products
were analyzed by precolumn extraction-RP-HPLC as described in Materials and Methods,
using 13-HODE (30 ng) as an internal standard (int std). 5-HETE and 13-HODE were
detected at 235 nm, whereas 5-o0xo-ETE was detected at 280 nm. The identities of 5-HETE
and 5-oxo-ETE were confirmed by comparison of their retention times and UV spectra with
those of authentic synthetic standards. The scales for the Y-axis for 235 and 280 nm are
identical, However, the peak for 5-HETE is offscale. The ratio for the peak heights (5-
HETE/50x0-ETE) is 100:9. B: UV spectrum of the product (i.e. 5-oxo-ETE) with a tg of
6.34 min, The data shown are representative of six separate experiments with similar results.
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Figure 3. Biosynthesis of LTB4, 5-HETE, and 5-oxo-ETE by BAL cells from cats with

experimentally induced asthma

Feline BAL cells were separated into two fractions based on adherence to plastic. Cells from
each of these fractions were then incubated with AA (20 uM), A23187 (5 uM), and PMA
(100 nM) for 30 min as described in Materials and Methods. The amounts of LTB,4 (open
bars), 5-HETE (hatched bars), and 5-oxo-ETE (filled bars) were determined by precolumn
extraction-RP-HPLC using PGB, as an internal standard. The values for LTB,4 do not
include its 6-trans isomers or its metabolites. All values are means + SE (n = 6). For
adherent cells the amounts of LTB,4 were less than 5-HETE and 5-ox0-ETE (p < 0.05),
whereas for non-adherent cells the amounts of 5-HETE were greater than those of LTB,4 and

5-0x0-ETE (p < 0.05).
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Deuterium-labeled 5-ox0-ETE (d4-50ETE) was added to feline BAL fluid, followed by
extraction with methyl-t-butyl ether, derivatization with pentafluorobenzyl bromide, and
analysis by LC-MS-MS as described in Materials and Methods. Daughter ions at m/z 207
(A) and 203 (B) were monitored for d4-5-0x0-ETE and unlabeled 5-oxo0-ETE, respectively.

The chromatogram shown is representative of data from 7 cats.
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Figure 5. Effects of 5-0x0-ETE, PGD», and LTB4 on calcium mobilization in feline leukocytes
Unfractionated feline leukocytes were treated with allophycocyanin-labeled anti-CD49d and

fluo-3 acetoxy methyl ester and analyzed by flow cytometry as described in Materials and
Methods. A: Dot plot showing the separation of eosinophils and neutrophils based on side
scatter and anti-CD49d staining. Eosinophil (B) and neutrophil (C) populations were further
characterized by their forward scatter properties. Calcium mobilization was elicited in
eosinophils by addition of 10 nM 5-oxo0-ETE (D, H), 100 nM PGD,, (E), or 10 nM LTB,4 (1).
Calcium mobilization in neutrophils was also elicited by addition of 10 nM 5-ox0-ETE (F,
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J) and 10 nM LTBy4 (K) but not by 100 nM PGD, (G). A23187 (10 uM) was added 1 min
after the addition of agonist to evaluate the maximal calcium response for each sample. The
data are representative of four experiments with similar results performed using leukocytes
from four different cats. The data in panels D to G and panels H to K are from two different
cats.
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Figure 6. Effects of 5-oxo-ETE and other eicosanoids on actin polymerization and chemotaxis in
feline leukocytes

Feline leukocytes stained with anti-CD49d were incubated with 5-0x0-ETE (@), LTB4 (1),
or PGD, (W) for 20 s. The cells were then labeled with NBD-phallacidin and F-actin levels
were evaluated in eosinophils (A) and neutrophils (B) using flow cytometry. Granulocyte
migration (C) in response to 5-0x0-ETE (@) and LTB, (A), was measured using
microchemotaxis chambers as described in Materials and Methods. The results are means +
SE of results from at least 4 independent experiments. The data are expressed as percentages
of the maximal response to 5-oxo-ETE.
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Figure 7.
Structures of OXE receptor antagonists.
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Figure 8. Effects of the OXE receptor antagonists 230 and 264 on 5-oxo-ETE-induced actin

polymerization and cell migration in granulocytes

Feline leukocytes (@,4) stained with anti-CD49d were preincubated with 230 (@,0) or 264
(a,A) for 5 min at 25 °C, followed by incubation with 5-oxo0-ETE (10 nM) for a further 20 s.
The cells were then labeled with NBD-phallacidin and F-actin levels were evaluated in
eosinophils (A) and neutrophils (B) using flow cytometry. Data from human granulocytes
from a previous study [24], are shown for comparison. C: 5-Oxo-ETE-induced leukocyte
migration was evaluated using microchemotaxis chambers as described in Materials and
Methods. Vehicle (@), 230 (10 uM; A), or 264 (10 pM; V) were added to both the top and

bottom chambers). The values are means £ SE (n = 4).
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