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Targeting the OXE receptor with a selective antagonist
inhibits allergen-induced pulmonary inflammation in non-human
primates

Chantal Cossettel, Lisa A. Miller2, Qiuji Ye3, Shishir Chourey3, Chintam Nagendra Reddy3,
Joshua Rokach3, William S. Powelll

IMeakins-Christie Laboratories, Centre for Translational Biology, McGill University Health Centre,
Montreal, Quebec, Canada

2California National Primate Research Center, University of California, Davis, California, USA

3Claude Pepper Institute and Department of Chemistry, Florida Institute of Technology,
Melbourne, Florida, USA

Abstract

Background and Purpose: The 5-lipoxygenase product, 5-oxo-ETE (5-0x0-6,-8,11,14-
eicosatetraenoic acid), is a potent chemoattractant for eosinophils and neutrophils. However,
little is known about its pathophysiological role because of the lack of a rodent ortholog of the
oxoeicosanoid (OXE) receptor. The present study aimed to determine whether the selective OXE
receptor antagonist S-Y048 can inhibit allergen-induced pulmonary inflammation in a monkey
model of asthma.

Experimental Approach: Monkeys sensitized to house dust mite antigen (HDM) were treated
with either vehicle or S-Y048 prior to challenge with aerosolized HDM, and bronchoalveolar
(BAL) fluid was collected 24 h later. After 6 weeks, animals that had initially been treated with
vehicle received S-Y048 and vice versa for animals initially treated with S-Y048. Eosinophils and
neutrophils in BAL and lung tissue samples were evaluated, as well as mucus-containing cells in
bronchi.
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Key Results: HDM significantly increased the numbers of eosinophils, neutrophils, and
macrophages in BAL fluid 24 h after challenge. These responses were all significantly inhibited by
S-Y048, which also reduced the numbers of eosinophils and neutrophils in lung tissue 24 h after
challenge with HDM. S-Y 048 also significantly reduced the numbers of bronchial epithelial cells
staining for mucin and MUCS5AC after antigen challenge.

Conclusion and Implications: This study provides the first evidence that 5-oxo-ETE may
play an important role in inducing allergen-induced pulmonary inflammation and could also be
involved in regulating MUCS5AC in goblet cells. OXE receptor antagonists such as S-Y048 may
useful therapeutic agents in asthma and other eosinophilic as well as neutrophilic diseases.

Keywords

5-lipoxygenase products; 5-0x0-ETE; asthma; eicosanoids; eosinophils; lungs; OXE receptor
antagonists

1| INTRODUCTION

Evidence for the involvement of products of the 5-lipoxygenase (5-LO) pathway in asthma
goes back to the 1930s, with the discovery of the release of slow-reacting substance

of anaphylaxis (SRS-A) from perfused lungs from sensitized guinea pigs in response to
allergen challenge (Kellaway & Trethewie, 1940). SRS-A was subsequently identified as
leukotrienes (LT) D4 (Samuelsson et al., 1980), the formation of which was initiated

by the oxidation of arachidonic acid to the intermediate LTA4 by 5-LO in the presence

of 5-lipoxygenase activating protein (Figure 1). LTD4 is a potent bronchoconstrictor and
proinflammatory mediator that acts through the cysLT1 receptor (Lynch et al., 1999), which
is the target of selective cysLT, antagonists such as montelukast, which are widely used in
the treatment of asthma (Powell, 2021).

Although the eosinophil plays an important pathological role in many asthmatics, cysLTs
have only very modest chemoattractant effects on these cells (Powell et al., 1995). Similarly,
the potent neutrophil chemoattractant LTB4 is only a very weak chemoattractant for human
eosinophils (Powell et al., 1995; Schwenk et al., 1992; Sun et al., 1991), despite its

potent effects on guinea pig eosinophils (Sun et al., 1991). In contrast, another 5-LO
product, 5-oxo-ETE (5-0x0-6,-8,11,14-eicosatetraenoic acid), is a potent chemoattractant for
human eosinophils, both in vitro (Powell et al., 1995) and in vivo, following subcutaneous
injection (Muro et al., 2003). Although the eosinophil is a major target of 5-0xo-ETE,

it also has chemoattractant effects on other inflammatory cells, including neutrophils
(Powell et al., 1993), basophils (likura et al., 2005; Sturm et al., 2005), and monocytes
(Sozzani et al., 1996). These actions are mediated by the highly selective OXE receptor,
which is encoded by the OXERI gene (Béack et al., 2014; Hosoi et al., 2002; Jones et

al., 2003; Takeda et al., 2002). 5-Oxo-ETE is formed following reduction of the LTA,
precursor 5S-HpETE (5S5-hydroperoxy-6,8,11,14-eicosatetraenoic acid) to 5S-HETE (55
hydroxy-6,8,11,14-eicosatetraenoic acid), which is then oxidized by 5-hydroxyeicosanoid
dehydrogenase (5-HEDH) in the presence of the obligatory cofactor NADP* (Powell et al.,
1992). The synthesis of 5-ox0-ETE is thus tightly regulated, as it requires both the activation
of 5-LO and elevation of intracellular NADP*, which is normally present only at very low
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concentrations, in contrast to its reduced form, NADPH. Conditions present at inflammatory
loci, including oxidative stress, cell death, and, in the case of phagocytic cells, the oxidative
burst, all promote 5-ox0-ETE formation by elevating the intracellular levels of NADP*
(Powell & Rokach, 2020).

Because of its potent effects on eosinophils, we postulated that 5-oxo-ETE may play a major
role in asthma and other allergic diseases that are associated with eosinophil infiltration.
Further support for a role of 5-oxo-ETE in asthma comes from a recent study by Kowal et

al. showing that allergen challenge of asthmatic subjects who were sensitive to house dust
mite allergen (HDM) resulted in increased levels of 5-ox0-ETE in exhaled breath condensate
(Kowal et al., 2017). Furthermore, there was a positive correlation between the levels of
5-0x0-ETE and the magnitude of the subsequent late asthmatic response. Progress in the
understanding of the pathophysiological role of 5-oxo-ETE has been severely hampered by
the lack of an ortholog of the OXE receptor in rodents. To circumvent this problem, we
initiated a program to identify small-molecule OXE receptor antagonists that could block the
proinflammatory effects of 5-0x0-ETE and potentially serve as novel therapeutic agents in
the treatment of asthma and other eosinophilic diseases. To accomplish this, we prepared a
series of compounds in which the essential first five carbons of 5-oxo0-ETE, along with an
alkyl or arylalkyl group mimicking the w-end of the molecule, were placed on an indole
scaffold. The most potent of these compounds is the S-enantiomer of Y048 (i.e., S-Y 048,
Figure 1), which has an I1Csq of 20 pM in blocking 5-oxo-ETE-induced calcium mobilization
in human neutrophils (Ye et al., 2020). S-Y048 has a long lifetime in the circulation and is
slowly converted to an a S-hydroxy metabolite (S-Y048M) with equivalent potency.

Because it was not possible to examine the efficacy of OXE receptor antagonists in mouse
or rat models, we needed to search for other suitable animal models. We initially considered
cats because they are highly susceptible to asthma (Dye et al., 1996). We found that although
5-0x0-ETE is a highly potent activator of feline eosinophils and neutrophils, our OXE
receptor antagonists were only relatively weak inhibitors of these responses (Cossette et

al., 2015), presumably due to differences between the feline and human receptors, which

are about 75% identical. We then explored the monkey, which has an OXE receptor
ortholog that has about 95% sequence identity with the human receptor and responds almost
identically to 5-oxo-ETE and OXE receptor antagonists (Ye et al., 2020). Although the high
cost of these animals severely restricts the scope of experiments that can be performed,

the use of primates has the important advantage that the results should be much more
transferable to humans (Coffman & Hessel, 2005). In a proof-of-principle study utilizing six
rhesus monkeys, we recently showed that S-Y048 inhibits HDM-induced skin eosinophilia
(Miller et al., 2020). In the present study, we used these animals, along with six additional
monkeys, to determine whether S-Y048 can inhibit pulmonary inflammation following
aerosol challenge with HDM.

2| METHODS

2.1| Compliance with requirements for studies using animals

Animal studies are reported in compliance with the ARRIVE guidelines (Percie du
Sert et al., 2020) and with the recommendations made by the British Journal of

Br J Pharmacol. Author manuscript; available in PMC 2022 January 27.
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Pharmacology (Lilley et al., 2020). In vivo studies were conducted at the California
National Primate Research Center, University of California, Davis. Care and housing of
animals before, during, and after treatment complied with the provisions of the Institute of
Laboratory Animal Resources and conformed to practices established by the Association
for Assessment and Accreditation of Laboratory Animal Care International (AAALAC
International). The study was approved by the UC Davis Institutional Animal Care and Use
Committee.

2.2| Animals

Twelve colony-bred adult 7-8 years old male rhesus monkeys were housed indoors in cages
with a 12 h light/12 h dark schedule. Indoor cages were of stainless-steel construction

and either wall or rolling-rack mounted. Cage sizes were based upon the weight of the
animals in accordance with the policies of the United States Department of Agriculture

and the National Institutes of Health. Cage designs incorporated sliding partitions to allow
socialization or pair housing. All animals in the study were pair-housed whenever possible
based upon social compatibility. They received a diet consisting of Purina monkey chow
supplemented with produce and had continuous access to water.

The monkeys used for these experiments included the six animals (11.3-6.7 kg) that had
been used in our recent proof-of-principle study in which we demonstrated that S-Y048
inhibits HDM-induced skin eosinophilia (Miller et al., 2020). From our experience with

the skin study, we anticipated that there would be considerable variability among animals,
especially in view of the more complex nature of the present study, so we strengthened it
by the inclusion of six additional naive monkeys (7.5-14.7 kg) that had not previously been
exposed to HDM.

2.3| Sensitization of monkeys to HDM

The monkeys were sensitized by a series of subcutaneous injections of HDM followed

by exposure to a combination of subcutaneous and aerosolized HDM. The naive monkeys
were first treated with seven biweekly subcutaneous injections of HDM (Dermatophagoides
pteronyssinus, Greer Labs; 60-pg protein with 1-mg alum [Imject Alum Adjuvant, Thermo
Fisher Scientific; 1-ml total volume per injection]) (Weeks 0 to 12 in Figure 2a). Exposure
of these animals to aerosolized HDM was initiated 14 weeks after the first subcutaneous
injection of HDM.

The animals that had been used for the prior skin study did not undergo the above regime
of treatment with subcutaneous HDM because they had already been sensitized by four
biweekly subcutaneous injections of HDM as described previously, followed by challenge
by intradermal injection of HDM on three occasions, 4, 9, and 14 weeks after the last of

the four subcutaneous injections (Miller et al., 2020). As part of the skin study, they had
been treated with two doses of vehicle, administered 0.5 h before and 8 h after HDM (Week
4), followed by 2 x 5 mg-kg™1 S-Y048 (Week 9) and 2 x 10 mg-kg™1 S-Y048 (Week 14).
Twenty-four hours after HDM challenge, skin punch biopsies were taken for evaluation of
skin eosinophilia (see Miller et al., 2020, for further details). Eighteen days after the last
skin biopsy, these six monkeys were entered into the present study and were exposed to

Br J Pharmacol. Author manuscript; available in PMC 2022 January 27.
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aerosolized HDM as described below (equivalent to Week 14 in the treatment schedule

for the naive monkeys in Figure 2a). After commencement of exposure of the monkeys to
aerosolized HDM, the naive and skin study groups were treated identically and received a
total of eight biweekly exposures to aerosolized HDM as shown in Figure 2a, followed 24 h
later by subcutaneous injection of HDM.

2.4 | Exposure of monkeys to aerosolized HDM

HDM was diluted in PBS, with a final dose of 1.5-mg total protein per exposure, which
was administered using a nebulizer. Animals were sedated with ketamine (5 to 30 mg-kg™1)
and dexmedetomidine (7.5 to 15 pg-kg™1) and placed in a child safety seat in a semi-upright
position and fitted with a mask that covered both the nose and mouth. A mouth block

was placed to ensure maximal aerosol passage into the trachea and lungs. Mask fit and

head position were carefully adjusted to prevent leakage of aerosol without occluding the
airway. HDM aerosol was administered through the face mask for approximately 5-15 min.
Heart rate and oxygen saturation were continuously monitored throughout the procedure.
Following the procedure, sedation was reversed by intramuscular injection of atipamezole
(dose volume equivalent to that of dexmedetomidine).

2.5| Bronchoalveolar lavage

Bronchoalveolar lavage (BAL) was performed on four occasions for each monkey: 24 h
before and 24 h after the fifth and eight exposures to aerosolized HDM (Figure 2b,c).
Monkeys were anaesthetised with ketamine (10 mg-kg™1), and anaesthesia was maintained
with propofol (0.1 mg-kg~1-min~1). Endotoxin-free PBS (10 ml; Sigma, St. Louis, MO)
was instilled through a bronchoscope as described previously (Schelegle et al., 2001). A
blood sample (2 ml) was obtained immediately prior to each lavage procedure. Lavage
samples were cytocentrifuged, air dried, and stained with a modified Wright’s stain, and
the numbers of macrophages, neutrophils, eosinophils, lymphocytes, and monocytes were
determined by counting approximately 300 cells per sample by light microscopy. A single
technician performed all lavage cell differentials in a blinded manner on each sample twice,
and averages of the two differentials were used for analysis. Prior to evaluation, slides
were coded so that the observer was unaware of the identity of the original animal and

the treatment group. Macrophages were the predominant population in lavage fluid and
identified based upon their large size, heterochromatic oval-shaped and indented nuclei,
and pink cytoplasm containing numerous lysosomes. Monocytes were distinguished from
macrophages based upon the identification of a horseshoe-shaped nucleus typically not
centred in the cell and a muddy grey cytoplasm containing fine granules.

2.6 | Preparation and administration of S-Y048

Monkeys were treated with two doses, 8 h apart, of either vehicle or S-Y048 (10 mg-kg™2),
administered 1 h before and 7 h after challenge with aerosolized HDM on Weeks 22 and 28
(Figure 2a). S-Y048 was synthesized as described previously (Ye et al., 2020), dissolved in
ethanol (50 mg-kg™1) and stored at —80°C prior to use. On the morning of the experiment,
the ethanolic solution was thawed and vortexed to dissolve any S-Y048 that had precipitated
out, and the required amount was added to 10 volumes of 20-mM NaHCO3 (pH 8.0). The

Br J Pharmacol. Author manuscript; available in PMC 2022 January 27.
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resulting suspension (2.2 ml-kg™1; 9.1% EtOH) was immediately vortexed and administered
by nasogastric intubation 1 h before and 7 h after challenge with aerosolized HDM (Figure
2b,c). For nasogastric intubation prior to HDM, animals were sedated as described for mask
aerosol exposures (see prior section). For nasogastric intubation at 7 h after HDM challenge,
animals were sedated with ketamine at 10 mg-kg™L. Control animals were treated identically
except that they received the bicarbonate/ethanol vehicle without S-Y048. Blood samples (2
ml) were taken immediately before HDM exposure, immediately before the second dose of
S-Y048, and 24 h after HDM challenge for measurement of plasma S-Y048 concentrations
by reversed-phase HPLC as described previously (Ye et al., 2020).

2.7| Study design

BAL fluid was obtained 24 h before challenge with aerosolized HDM on Week 22 (Figure
2a,b). Either vehicle or S-Y048 (10 mg-kg~1) was administered 1 h prior to and 7 h after
exposure to aerosolized HDM, and a second sample of BAL fluid was obtained 24 h after
exposure to HDM. This procedure was repeated 6 weeks later (Week 28, Figure 2a,c) except
that after the second BAL fluid sample was obtained, the animals were deeply anaesthetised
with an overdose of intravenous sodium pentobarbital (greater than or equal to 120 mg-kg™1)
and euthanized by exsanguination via the systemic aorta. Samples of lung (right middle
lobe) and bronchus were collected at necropsy, fixed in paraformaldehyde for 48 h, and
embedded in paraffin.

To minimize the effects of variability among monkeys, a crossover design was used,
permitting each monkey to serve as its own control (Figure 2d). In addition to biological
variability among individual monkeys, factors that could theoretically affect the outcome

of the experiment could be whether or not they had previously been used in the prior skin
study and whether they received vehicle first or S-Y048 first. To minimize any bias due to
these factors, on Week 22, three naive animals and three of the animals from the skin study
were treated with vehicle first and the remaining three animals from each group were treated
with S-Y048 first (Figure 2d). Six weeks later, on Week 28, the animals that had received
vehicle on Week 22 were treated with S-Y048 whereas the animals that had received S-Y048
on Week 22 were treated with vehicle. The animals were assigned to receive either vehicle
first or S-Y048 first according to their original cage number, with the lower cage numbers
receiving vehicle first. However, there were no further randomization procedures. The cage
numbers to which the animals had originally been assigned were not related to any physical
characteristics of the monkeys. There were no significant differences in weight or skin
sensitivity to HDM just prior to aerosol exposure between the animals that received vehicle
first and those that received S-Y 048 first.

2.8 | Evaluation of eosinophils and neutrophils in lung tissue sections

Eosinophils and neutrophils were evaluated in 5-um-thick sections (~2 cm?) prepared from
paraffin blocks. Prior to staining, the sections were deparaffinized in xylene and dehydrated
in ethanol. Eosinophils were stained with haematoxylin and eosin, whereas neutrophils were
detected using naphthol AS-D chloroacetate, which is hydrolysed by neutrophil-specific
esterase, resulting in a red stain after treatment with new fuchsin (Schoén et al., 2000).
Briefly, 4% NaNO, (300 pl; Sigma-Aldrich, St. Louis MO) was mixed with New Fuchsin

Br J Pharmacol. Author manuscript; available in PMC 2022 January 27.
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in 2-N HCI (300 pl; Sigma-Aldrich). An aliquot (500 pl) of this solution was then added

to a mixture of naphthol AS-D chloroacetate (10 mg in 5-ml dimethylformamide [Sigma-
Aldrich]) and PBS (100 ml). The slides were immersed in this solution for 45 min at 23 °C
and counter-stained with haematoxylin and lithium carbonate. Sections were viewed using a
Zeiss microscope (400x magnification). All positive cells around the airways were counted
by a research technician in a blinded manner for each of the sections using Image J software.
Each section was coded prior to analysis so that the observer was unaware of the identity

of the original animal and the treatment group. The results are expressed as the numbers of
positive cells per millimetre basement membrane.

2.9 | Histochemical evaluation of mucus-containing cells in bronchi

2.10 |

2.11 |

Sections of bronchi were deparaffinized as described above and stained with Alcian Blue
(AB), followed by periodic acid and Schiff reagent (PAS) according to the manufacturer’s
instructions using a kit from ScyTek Laboratories, West Logan, UT. Sections were viewed
using a Zeiss microscope (200x magnification). All positive epithelial cells within the entire
section were counted by a technician in a blinded manner as described above using Image J
software. The results are expressed as the numbers of positive cells per millimetre basement
membrane.

Evaluation of MUC5AC positive cells by immunohistochemistry

The immuno-related procedures used comply with the recommendations made by the British
Journal of Pharmacology (Alexander et al., 2018). To visualize MUCS5AC, sections were
deparaffinized in xylene, dehydrated in ethanol, and washed with Tris-buffered saline (TBS).
Antigen retrieval was facilitated by incubation for 40 min at 97°C with Tris-EDTA (pH

9) containing 0.05% Tween 20. After washing with PBS, the sections were incubated with
5% rabbit normal serum in PBS for 30 min, followed by incubation overnight at 4°C with

a monoclonal antibody against MUC5AC (clone 45M1; Novus Biologicals, Centennial,

CO; catalogue number NBP2-15196, diluted 1:500). The slides were then washed with

PBS (3 x 5 min) and incubated with the secondary antibody (biotinylated polyclonal

rabbit anti-mouse 1gG (Dako E0354, lot 00078773, diluted 1:100) for 1 h at 23°C. After
washing with PBS (3 x 5 min), the slides were incubated for 30 min at 23°C with

Roche AP-Streptavidin diluted 1:400 (Sigma-Aldrich), washed with PBS (3 x 5 min),

and visualized by incubation for 15 min at 23°C with ImmPACT Vector Red alkaline
phosphatase substrate (Vector Laboratories, Burlingame, CA). After counterstaining with
haematoxylin and lithium carbonate, the sections were dehydrated by treatment with ethanol
followed by xylene. All positive epithelial cells within the entire section were counted by a
technician in a blinded manner as described above using Image J software and the results
expressed as the numbers of positive cells per millimetre basement membrane.

Statistical analysis

The data and statistical analysis comply with the recommendations of the British Journal
of Pharmacology on experimental design and analysis as described in the literature (Curtis
et al., 2018). The BAL cell data shown in Figure 4 were not normally distributed and
were analysed by Friedman repeated measures analysis of variance on ranks with the
Student-Newman—Keuls method as a post hoc test using SigmaStat software. The Grubbs’

Br J Pharmacol. Author manuscript; available in PMC 2022 January 27.
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outlier test (Grubbs, 1969) was used to detect outliers using GraphPad software. Comparison
of two groups (Figures 5-7) was evaluated with SigmaStat software using Student’s ¢test for
normally distributed data or the Wilcoxon signed rank test for data that were not normally
distributed. The precise statistical test used is described in each of the relevant figure
legends. The threshold for statistically significant differences was P < 0.05.

2.12| Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corresponding entries in
http://www.guidetopharmacology.org, and are permanently archived in the Concise Guide to
PHARMACOLOGY 2021/22 (Alexander et al., 2021).

3| RESULTS

The primary goal of this study was to determine whether S-Y048 can inhibit allergen-
induced pulmonary inflammation, by comparing the numbers of inflammatory cells in

BAL fluid following treatment of animals with either vehicle or S-Y048 prior to allergen
challenge. To accomplish this, we used six rhesus monkeys that we had previously employed
in a pilot study to demonstrate the efficacy of S-Y048 in inhibiting allergen-induced skin
eosinophilia (Miller et al., 2020). To strengthen the study, we included six additional naive
monkeys that were initially sensitized by subcutaneous injection of HDM as had been done
with the monkeys used in the skin study. All 12 monkeys were then further sensitized by
four biweekly exposures to aerosolized HDM (Figure 2a). On Week 22, monkeys were
treated with either vehicle or S-Y048 (2 x 10 mg-kg™1) and then challenged with aerosolized
HDM as illustrated in Figure 2b,d and described in more detail in Section 2. The numbers of
inflammatory cells in BAL fluid collected 24 h before and 24 h after antigen challenge were
compared. This procedure was repeated on Week 28, except that the animals that had first
received vehicle were treated with S-Y048 (Figure 2c). After collection of the final BAL
fluid samples, the animals were euthanized, and samples of lung and bronchi were obtained
at necropsy.

3.1| S-Y048 levels and inflammatory cell numbers in blood

To ensure that adequate blood levels of antagonist were obtained during these experiments,
we measured the plasma levels of S-Y048 and its major metabolite by reversed-phase
HPLC. The average concentration of S-Y048 in plasma rose to about 16 uM 1 h after
administration, diminished slightly to about 14 uM just prior to administration of the second
dose of S-Y048, and was about 28 uM after 24 h (Figure 3a). The levels of S-Y048M, the
main plasma metabolite of S-Y048, were initially very low, but rose to nearly 5 uM by 24 h.

The numbers of eosinophils (Figure 3b) and neutrophils (Figure 3c) were measured in blood
taken 24 h before and 24 h after HDM challenge of vehicle- and S-Y048-treated monkeys,
but no significant differences were observed. Alterations in blood granulocytes humbers
could have occurred at earlier time points, but this study was not designed to investigate this
possibility.

Br J Pharmacol. Author manuscript; available in PMC 2022 January 27.
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3.2| S-Y048reduces the numbers of inflammatory cells in BAL fluid following allergen

challenge

Challenge of vehicle-treated sensitized monkeys with HDM significantly increased the
numbers of BAL cells (Figure 4a), including macrophages (Figure 4b), neutrophils (Figure
4c¢), and eosinophils (Figure 4f), but not monocytes (Figure 4d) nor lymphocytes (Figure 4e).
Total BAL cell numbers increased by over threefold in response to HDM in vehicle-treated
animals, but remained unchanged in S-Y048-treated monkeys (Figure 4a). Similarly, HDM
elicited an almost threefold increase in the numbers of macrophages, the major cell type in
BAL fluid, in the group that received vehicle but had no effect on macrophage numbers in
the S-Y048-treated group (Figure 4b). Neutrophils underwent a dramatic 24-fold increase in
the vehicle-treated group as a result of HDM challenge, but only a sixfold increase in the
group that received S-Y048, amounting to 77% inhibition (£ < 0.05; Figure 4c).

Eosinophils in BAL fluid increased significantly by about 4.5-fold in response to HDM in
vehicle-treated animals, and by about 3-fold in animals treated with S-Y048, equivalent to
52% inhibition (£ < 0.05; Figure 4f). The BAL eosinophil data for each individual animal
are shown in Figure 4g,h. Because eosinophil numbers varied widely from one animal to
another, data from three individual animals with total BAL eosinophils above 107 for at
least one of the four time points examined are shown separately in Figure 4g, whereas data
from the remaining nine animals, in which eosinophil numbers never exceeded 0.6 x 107,
are shown in Figure 4h. The BAL eosinophil data for one of the 12 monkeys, shown with
“X” symbols in Figure 4g, does not make sense. This was a naive monkey that had been
treated with vehicle first on Week 22 and with S-Y048 on Week 28. According to the data
for Week 22, baseline pre-challenge eosinophil numbers for this monkey were extremely
high (total >107 cells), which was over five times higher than any of the other monkeys in
the study. However, what was even more unusual was that exposure of this monkey to HDM
appeared to reauce the number of BAL eosinophils by 60%. This is counterintuitive, as the
model of pulmonary inflammation used in the present study is based on the presumption that
an animal sensitized to HDM will respond to HDM challenge with increased, rather than
decreased, inflammation. We do not know the reason for this discrepancy. It is possible that
there was a mistake in labelling or alternatively, there may have been some basic difference
with this particular monkey. The post-challenge eosinophil numbers after treatment with
S-Y048 were also very high, over twice that of any of the other monkeys. Because of the
aberrant eosinophil data from this monkey, it could be regarded as an outlier. Analysis of
the eosinophil data using Grubbs’ outlier test revealed that for this monkey, two of the
eosinophil data points (“before HDM with vehicle” and “after HDM with S-Y048”, labelled
with arrows and “a”) were outliers (< 0.01; Figure 4g). One additional outlier was detected
using Grubbs’ test (P < 0.05; “after vehicle and HDM”) and is indicated with an arrow

and the letter “b.” Figure 4i shows BAL eosinophil numbers after removal of the data from
the monkey with the outliers labelled “a” (i.e., 7= 11). In this case, HDM significantly
increased BAL eosinophils by over 12-fold in vehicle-treated animals compared with just
over twofold after treatment with S-Y048 (80% inhibition; < 0.05). Even if all of the data
from the two monkeys with outlying data points are removed (i.e., 7=10), S-Y048 still
significantly reduced the numbers of eosinophils in BAL fluid by 69% (Figure 4j). It should
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be noted that, with the exceptions of Figure 4i,j, data from all 12 monkeys are shown in all
of the graphs in Figures 3-7.

Data for the numbers of eosinophils, neutrophils, and macrophages in individual animals
showing each of the four different subgroups illustrated in Figure 2d are shown in Figure 5.
To simplify the data and facilitate comparison of animals from different subgroups, “delta”
values (i.e., number of cells after HDM minus number of cells before HDM) are shown,
representing HDM-induced increases in cell numbers. A positive number would mean that
exposure to HDM increased BAL cell numbers, whereas a negative number would mean that
cell numbers were lower after HDM.

S-Y048 reduced the eosinophil response to HDM in five out the six animals in the skin study
group and in four of the six naive animals (Figure 5a). Among those animals that received
vehicle first (open symbols), S-Y048 reduced HDM-induced BAL eosinophilia in three out
of the six animals compared with six out of six of the animals that were treated with S-Y048
first. Overall, BAL eosinophil numbers increased by an average of 47 + 24 x 10° cells after
challenge with HDM in the presence of vehicle and 23 + 13 x 10° cells in the presence of
S-Y048 (not significantly different). However, when outlier a is excluded, the increases in
BAL eosinophils were 57 + 24 and 11 + 7 x 10° cells in the presence of vehicle and S-Y048,
respectively (P < 0.05).

Similar, but more pronounced results were obtained with neutrophils (Figure 5b). S-Y048
inhibited the effect of HDM on BAL neutrophils in all six of the animals in the skin study
group and in three of the naive animals. S-Y048 reduced the neutrophil response in four of
the six animals that received vehicle first and in five of the animals that received S-Y048
first. As in Figure 5a, the outlier referred to above is indicated by inverted open triangles
connected by dashed lines in Figure 5b,c. In contrast to the eosinophil data, HDM increased
the number of BAL neutrophils in this monkey in the presence of vehicle. However, this
animal was one of the three in which the response to HDM was greater in the presence of
S-Y048. The two animals with the greatest eosinophil response to HDM in the presence

of vehicle (Figure 5a) also exhibited the greatest neutrophil response (Figure 5b), which,

in both cases, was strongly inhibited by S-Y048. Overall, S-Y048 significantly reduced the
neutrophil response to HDM from 92 # 33 x 10° to 21 + 10 x 10° cells.

Among the monkeys that had been used for the skin study, S-Y048 reduced HDM-induced
macrophage infiltration in the three animals that had received S-Y048 first, but, in contrast
to granulocytes, in none of those that had received vehicle first. The effect of HDM was
reduced in five of the six naive monkeys and in three of the six monkeys from the skins
study. Overall, S-Y048 reduced the macrophage response from 180 + 80 to —10 + 30 cells
(not significantly different).

3.3| S-Y048 inhibits HDM-induced lung tissue eosinophilia and neutrophilia

At the end of the experiment, the animals were euthanized immediately after the final BAL
procedure, and samples of lung and bronchi were obtained at necropsy to evaluate tissue
inflammation. All of these animals had been challenged with HDM on the previous day.
The numbers of eosinophils in lung tissue sections were determined after staining with
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haematoxylin and eosin. Large numbers of these cells were detected around the airways in
monkeys that had been treated with vehicle prior to inhalation of HDM (Figure 6a), whereas
much smaller numbers were detected in monkeys that had been treated with S-Y048 prior
to antigen challenge (Figure 6b). The values for individual monkeys are shown in Figure

6¢. Overall, S-Y048 reduced lung tissue eosinophils by nearly 50% (£ < 0.05). The animals
from the skin study appeared to respond more strongly than the naive animals to both

HDM and S-Y 048, but the numbers were too small to permit statistical evaluation. Outlier
a (shown in Figure 4g), which was from the naive group (inverted filled triangle), had the
greatest number of eosinophils among those treated with S-Y048.

The numbers of neutrophils in lung tissue sections obtained as described above were
evaluated using naphthol AS-D chloroacetate, which is hydrolysed by neutrophil specific
esterase, resulting in red staining of neutrophils following treatment with New Fuchsin.
Neutrophils were abundant around the airways of animals that had received vehicle prior to
challenge with HDM (Figure 6d), but were present in significantly lower numbers in animals
that had been treated with S-Y048 (Figure 6e). As shown in Figure 6f, S-Y048 reduced the
numbers of neutrophils in lung tissue by about 50%. The responses to HDM and S-Y048
appeared to be greater in the animals from the skin study compared with the naive animals,
but the numbers were too small for valid statistical comparison.

3.4] S-Y048reduces the numbers of mucin-positive cells in bronchi from HDM-
challenged monkeys

To determine whether S-Y048 affected the numbers of mucus-containing cells in monkey
airways following allergen challenge, we stained bronchial sections with AB/PAS. The
bronchial epithelium from vehicle-treated monkeys contained a very large number of
AB/PAS positive cells (Figure 7a) compared with S-Y048-treated animals (Figure 7b).
Overall, S-Y048 reduced the number of positive cells by about 40% (P < 0.01; Figure 7c).
We then examined the numbers of bronchial epithelial cells expressing the mucin subtype
MUCS5AC by immunostaining. We detected considerably greater numbers of MUC5AC-
positive cells in bronchial sections from vehicle-treated monkeys (Figure 7d) compared with
animals that had received S-Y048 (Figure 7e). Examination of the data from all 12 animals
showed that S-Y048 reduced the numbers of bronchial MUC5AC-containing cells by about
60% (P < 0.05; Figure 7f).

4| DISCUSSION

Among lipid mediators, 5-oxo-ETE is the most powerful in vitro chemoattractant for human
eosinophils (Powell & Rokach, 2020). It also elicits eosinophil transendothelial migration
due to a combination of its chemoattractant effects with stimulation of MMP-9 release
(Dallaire et al., 2003; Guilbert et al., 1999). These in vitro data, along with our in vivo
experiments (Muro et al., 2003) showing that 5-oxo-ETE induces dermal eosinophilia in
humans led us to search for selective OXE receptor antagonists. The identification of
S-Y048 as a potent and metabolically resistant OXE receptor antagonist finally gave us the
opportunity to directly investigate the pathophysiological role of 5-oxo-ETE, which has in
the past been severely hampered by the unavailability of rodent models due to their lack of
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an OXE receptor ortholog. S-Y048 is highly selective for the OXE receptor and has no effect
on the responses of eosinophils and neutrophils to prostaglandin D, (PGD2), LTB4, and
eotaxin (Ye et al., 2020). Moreover, the structurally related OXE antagonist, compound 230,
completely blocks 5-oxo0-ETE-induced calcium mobilization in neutrophils without affecting
the responses to LTB4, platelet-activating factor, fMLP, and interleukin 8 (CXCLS8) (Gore et
al., 2014).

Because of the lack of an OXE receptor ortholog in rodents and the weak response of

the feline OXE receptor to our antagonists, we chose to use the monkey to test their
efficacy as anti-inflammatory agents. Initial studies showed that 5-oxo-ETE is a potent

in vitro activator of monkey eosinophils and neutrophils, inducing calcium mobilization,
actin polymerization, and cell migration. Furthermore, all of these responses are completely
blocked in monkey cells by S-Y048 (Miller et al., 2020) and compound 230 (Cossette

et al., 2016), indicating that monkey granulocytes express the OXE receptor. Since OXE
antagonists had never before been tested in vivo, before initiating our present studies

we conducted a pilot experiment, which showed that S-Y048 inhibits HDM-induced skin
eosinophilia in rhesus monkeys (Miller et al., 2020). This was the first in vivo evidence in
any species other than the zebrafish (Enyedi et al., 2013) for a pathophysiological role for
5-0x0-ETE and the OXE receptor.

The success of the pilot skin study prompted us to investigate the efficacy of S-Y048

in a more complex model, allergen-induced pulmonary inflammation. To accomplish this,
we used the six monkeys from the skin study, along with six additional naive monkeys,
which were included because of the anticipated variability among animals. Based on

our knowledge of the in vitro and in vivo effects of 5-oxo-ETE on human and monkey
eosinophils, our primary goal was to demonstrate that S-Y048 could reduce BAL eosinophil
numbers following allergen challenge.

The dose of S-Y048 (2 x 10 mg-kg™1) used in these experiments was equivalent to the higher
dose used in our previous skin study and was based on prior pharmacokinetic studies in both
cynomolgus (Ye et al., 2020) and rhesus (Miller et al., 2020) monkeys. In these studies, we
found that two doses given 8 h apart resulted in sustained high plasma levels of antagonist
over 24 h. Maximal levels were achieved after 1 to 2 h, followed by a nadir just before
administration of the second dose. In the present study, HDM was administered 1 h after

the first dose of S-Y048 to allow sufficient time to achieve high plasma levels of antagonist
prior to antigen challenge. We verified the presence of high levels of S-Y048 in plasma just
prior to administration of HDM, just prior to the second dose of S-Y048 to ensure that the
levels had not fallen appreciably, and after 24 h to ensure that high levels were maintained
throughout the experiment.

The average plasma concentration of S-Y048 varied between about 15 and 30 pM
throughout the experiment, well above its ICgq value of 20 pM for inhibition of 5-oxo-
ETE-induced calcium mobilization in neutrophils. We chose to use a high dose of S-Y048
because it is quite hydrophobic and a considerable portion would likely be bound to protein
in the blood, thereby reducing its apparent in vivo potency. Furthermore, S-Y048 is less
potent in inhibiting certain other in vitro responses, including actin polymerization (ICsgg,
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340 pM) in eosinophils and migration of mixed leukocytes (principally neutrophils; ICsp,
30 nM) (Miller et al., 2020). We previously showed in in vitro experiments that S-Y048 at
a concentration of 1 uM (which is likely to considerably exceed its free concentration in
the blood) has no effect on actin polymerization induced by PGD5, LTBy, or eotaxin (Ye et
al., 2020). Therefore, we believe that the in vivo effects of S-Y048 that we observed were
due to selective blocking of the OXE receptor, although we cannot completely exclude the
possibility of off-target effects.

Exposure of monkeys to HDM increased BAL eosinophils in 11 of the 12 monkeys.

The remaining monkey appeared to have very high baseline eosinophil numbers, which
were reduced, rather than increased, by HDM. It is not clear whether this was due

to methodological or biological factors, or even mislabelling. Due to the incongruous
eosinophil data from this animal, it can be considered to be an outlier with respect to

BAL eosinophils. Nevertheless, S-Y048 significantly reduced BAL eosinophil numbers by
an average of about 50% in all 12 monkeys and by about 70% if the outlying data is
excluded. To provide additional evidence for the effectiveness of S-Y048 in inhibiting
eosinophil infiltration into the lungs, we also evaluated the numbers of these cells in

lung tissue sections after allergen challenge. Unlike the BAL data, we only had sections
that were obtained post-challenge at Week 28, as it was not possible for cost reasons

to include additional control animals that were sensitized but not challenged with HDM
prior to sacrifice and necropsy. S-Y048 significantly lowered tissue eosinophil numbers by
about 50% compared with vehicle-treated animals. Interestingly, the single S-Y048-treated
monkey with high tissue eosinophil numbers (Figure 6c) was identical to outlier a referred
to above, suggesting that there may have been, at least in part, a biological basis for its
aberrant responses. Possibly, in this particular animal 5-oxo-ETE may have contributed less
to pulmonary eosinophilia compared with chemokines and cytokines as discussed in more
detail below.

HDM appeared to elicit slightly greater numbers of neutrophils in both BAL fluid and

lung tissue compared with eosinophils, which may be due to contamination of the HDM
extract with small amounts of endotoxin. Although our initial focus was on eosinophils,

the presence of substantial numbers of neutrophils, as occurs in some endotypes of asthma
(Svenningsen & Nair, 2017), enabled us to demonstrate that S-Y048 also had a strong
inhibitory effect on post-challenge neutrophil numbers. Although 5-oxo-ETE is a neutrophil
chemoattractant, it is less potent than LTB,4 (Powell et al., 1993), which is usually produced
at the same time, so it might have been expected that selectively blocking the response to
5-0x0-ETE would have relatively little effect. However, this was not the case, as S-Y048,
which is inactive against the BLT1 receptor for LTB,4, markedly reduced the numbers of
neutrophils in both lung tissue and BAL fluid. This suggests that in this model, there is an
increased dependence on 5-0xo-ETE compared with LTB, for neutrophil recruitment. This
could possibly be due to increased production of 5-oxo-ETE compared with LTB,4 under
conditions of oxidative stress (Erlemann et al., 2004; Graham et al., 2009; Grant et al.,
2011). It is also possible that the response to 5-oxo-ETE was enhanced compared with LTB4
following allergen challenge due to synergy with other chemoattractants or cytokines such as
GM-CSF (O’Flaherty et al., 1996a).

Br J Pharmacol. Author manuscript; available in PMC 2022 January 27.


https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=267
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4942

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cossette et al.

Page 14

Although the fold increase in macrophages induced by HDM was much less than that for
eosinophils and neutrophils, their numbers were also lowered by S-Y048. Although there is
little information available about the relationship of 5-oxo-ETE to macrophages, it is known
to be a chemoattractant for human monocytes and to have synergistic effects with other
monocyte chemoattractants (Sozzani et al., 1996). It also stimulates the release of GM-CSF
from these cells (Stamatiou et al., 2004), which might in turn enhance OXE-mediated
responses to 5-0x0-ETE and increase the survival of neutrophils and eosinophils.

The high degree of variability in the responses to HDM and S-Y048 among the 12 monkeys
was not unexpected, since these animals are outbred and would have diverse genetic
backgrounds. This could result in differences among individual animals in their abilities

to synthesize 5-ox0-ETE and in their expression of the OXE receptor as well as other
chemoattractants (e.g., eotaxin, PGD», and IL-8), cytokines (e.g., GM-CSF, IL-5, IL-13),
and their receptors. GM-CSF, for example, could have multiple effects, as it has important
synergistic interactions with 5-oxo-ETE (O’Flaherty et al., 1996b; Stamatiou et al., 2004)
and could potentially promote its synthesis (DiPersio et al., 1988; Pouliot et al., 1994).
Another factor could be differences in the levels of testosterone, which has been reported

to reduce the production of 5-LO products (Pergola et al., 2008) and to selectively inhibit
activation of the OXE receptor (Kalyvianaki et al., 2017). The present study utilized male
animals, which may not have responded as well as females to S-Y048. Overall, it is not
unusual to have variable responses to drugs in humans, as exemplified by cysLT; receptor
antagonists, which work very well in many human asthmatics, but have little or no effect in
others, which may be due to genetic variations among individuals (Lima et al., 2006). To
minimize such effects, each animal was used as its own control for the experiments utilizing
BAL fluid, but this was not possible for the experiments using lung or bronchial tissue
samples.

Another factor that might have contributed to the variability among animals could be the
inclusion of the six naive monkeys. Although these animals were sensitized in a similar
manner to those used in the skin study, they were not subjected to intradermal injection

of antigen and multiple skin biopsies, as were those in the original pilot study. To permit
each animal to serve as its own control they had to be challenged with aerosolized HDM on
two separate occasions, 6 weeks apart, and it is possible that the response to HDM differed
between these two time points. Based on the delta values shown in Figure 5 and the lung
tissue data in Figure 6, the animals that had previously been used for the skin study appeared
to respond more strongly to the stimulatory and inhibitory effects of HDM and S-Y048,
respectively. The animals also appeared to respond more strongly to HDM on Week 28
compared with Week 22. However, the small numbers of animals in each of the subgroups
(n = 3) resulting from the experimental design (Figure 2d) were insufficient to permit us

to draw any meaningful statistically-valid conclusions about the precise contributions of the
above factors. The crossover design used in this study would have mitigated against any bias
due to the above factors, but it would not have reduced their considerable contribution to the
variability in the responses among individual animals. Nevertheless, despite this variability,
which is somewhat reminiscent of the variability seen in human populations, it can be
concluded that S-Y048 inhibits allergen-induced granulocyte infiltration into the lungs.
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As increased mucus secretion is a hallmark of asthma (Morcillo & Cortijo, 2006), we
stained sections of bronchus from HDM-challenged monkeys with AB/PAS. The reduced
staining that we observed in sections from S-Y048-treated monkeys prompted us to evaluate
the numbers of epithelial cells containing MUCS5AC because of its association with asthma
(Bonser & Erle, 2017). In agreement with previous reports (Okuda et al., 2019), we did not
detect appreciable numbers of MUC5AC-positive cells in lung tissue sections but observed
considerable numbers in bronchial epithelium, which were significantly reduced in monkeys
treated with S-Y048. These results are very interesting and are the first evidence that
5-0x0-ETE may play a role in regulating the secretion of mucins, either by acting directly
on goblet cells or by acting indirectly, possibly by activating eosinophils, which have been
shown to increase MUCS5AC expression by airway epithelial cells through the release of
TGF-a and its interaction with the EGF receptor (Burgel et al., 2001). Although these
results suggest that 5-oxo-ETE may increase the production of MUC5AC, as occurs in
asthma, they must be interpreted with caution, as we cannot exclude the possibility that the
reduction in mucin-positive cells was due to enhanced mucus secretion following treatment
with S-Y048. In this alternative scenario, endogenous 5-0xo-ETE could inhibit the secretion
of MUCS5AC from goblet cells in response to HDM, and this could be reversed by S-Y048,
resulting greater secretion of MUCS5AC and lower numbers of immunostained cells. Clearly,
further studies will be required to unravel the potentially important relationship between
5-0x0-ETE, the OXE receptor, and mucus secretion in primates.

In conclusion, the identification of highly potent and selective OXE receptor antagonists has
finally made it possible to examine the pathophysiological role of 5-oxo-ETE in mammalian
species in vivo. The only other evidence to date implicating 5-oxo-ETE and the OXE
receptor in an in vivo disease model is a study by Enyedi et al. showing that 5-oxo-ETE

and the OXE receptor play an important role in promoting wound healing by stimulating
leukocyte infiltration in a zebrafish model (Enyedi et al., 2013). They found that 5-oxo-ETE
enhanced leukocyte infiltration induced by tissue damage, which could be blocked by
knockdown of the OXE receptor using a morpholino. The present study, along with our
previous skin data, provides the first evidence for an in vivo role of 5-o0xo-ETE/OXE in a
mammalian species and are the first demonstration of in vivo efficacy of an OXE receptor
antagonist in any species. The inhibitory effects of S-Y048 on HDM-elicited eosinophil and
neutrophil infiltration and airway mucin production provide the first direct evidence that

the OXE receptor may play an important role in allergen-induced pulmonary inflammation.
Large numbers of eosinophils and/or neutrophils are characteristic of most endotypes of
asthma (Svenningsen & Nair, 2017) and can cause damage due to the release of various
enzymes and proinflammatory mediators (McBrien & Menzies-Gow, 2017; Monteseirin,
2009), whereas excessive mucus secretion can contribute to airflow limitation and airway
hyperresponsiveness (Morcillo & Cortijo, 2006). Selective OXE receptor antagonists such
as S-Y048 that can block the proinflammatory responses to 5-oxo-ETE offer a novel
therapeutic approach for the treatment of asthma and other inflammatory diseases.
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REFERENCES

Alexander SP, Christopoulos A, Davenport AP, Kelly E, Mathie A, Peters JA, Veale EL, Armstrong
JF, Faccenda E, Harding SD, & Pawson AJ (2021). The concise guide to pharmacology 2021/22:
G protein-coupled receptors. British Journal of Pharmacology, 178(Suppl 1), S27-S156. [PubMed:
34529832]

Alexander SPH, Roberts RE, Broughton BRS, Sobey CG, George CH, Stanford SC, Cirino
G, Docherty JR, Giembycz MA, Hoyer D, Insel PA, 1zzo AA, Yong Ji Y, MacEwan DJ,
Mangum J, Wonnacott S, & Ahluwalia A (2018). Goals and practicalities of immunoblotting and
immunohistochemistry: A guide for submission to the British Journal of Pharmacology. British
Journal of Pharmacology, 75, 407-411.

Béack M, Powell WS, Dahlén SE, Drazen JM, Evans JF, Serhan CN, Shimizu T, Yokomizo T, & Rovati
GE (2014). Update on leukotriene, lipoxin and oxoeicosanoid receptors: IUPHAR review 7. British
Journal of Pharmacology, 171, 3551-3574. 10.1111/bph.12665 [PubMed: 24588652]

Bonser LR, & Erle DJ (2017). Airway mucus and asthma: The role of MUC5AC and MUCS5B. Journal
of Clinical Medicine, 6, 112. 10.3390/jcm6120112

Br J Pharmacol. Author manuscript; available in PMC 2022 January 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cossette et al.

Page 17

Burgel PR, Lazarus SC, Tam DC, Ueki IF, Atabai K, Birch M, & Nadel JA (2001). Human eosinophils
induce mucin production in airway epithelial cells via epidermal growth factor receptor activation.
Journal of Immunology, 167, 5948-5954. 10.4049/jimmunol.167.10.5948

Coffman RL, & Hessel EM (2005). Nonhuman primate models of asthma. The Journal of
Experimental Medicine, 201, 1875-1879. 10.1084/jem.20050901 [PubMed: 15967818]

Cossette C, Chourey S, Ye Q, Nagendra Reddy C, Gore V, Gravel S, Slobodchikova I, Vuckovic D,
Rokach J, & Powell WS (2016). Pharmacokinetics and metabolism of selective oxoeicosanoid
(OXE) receptor antagonists and their effects on 5-0x0-6,-8,11,14-eicosatetraenoic acid (5-oxo-
ETE)-induced granulocyte activation in monkeys. Journal of Medicinal Chemistry, 59, 10127—
10146. 10.1021/acs.jmedchem.6b00895 [PubMed: 27766872]

Cossette C, Gravel S, Reddy CN, Gore V, Chourey S, Ye Q, Snyder NW, Mesaros CA, Blair
IA, Lavoie JP, Reinero CR, Rokach J, & Powell WS (2015). Biosynthesis and actions of 5-
oxoeicosatetraenoic acid (5-oxo-ETE) on feline granulocytes. Biochemical Pharmacology, 96, 247—
255. 10.1016/j.bcp.2015.05.009 [PubMed: 26032638]

Curtis MJ, Alexander S, Cirino G, Docherty JR, George CH, Giembycz MA, Hoyer D, Insel PA,
1zzo AA, Ji Y, MacEwan DJ, Sobey CG, Stanford SC, Teixeira MM, Wonnacott S, & Ahluwalia A
(2018). Experimental design and analysis and their reporting 11: Updated and simplified guidance
for authors and peer reviewers. British Journal of Pharmacology, 175, 987-993. 10.1111/bph.14153
[PubMed: 29520785]

Dallaire MJ, Ferland C, Page N, Lavigne S, Davoine F, & Laviolette M (2003). Endothelial cells
modulate eosinophil surface markers and mediator release. The European Respiratory Journal, 21,
918-924. 10.1183/09031936.03.00102002 [PubMed: 12797482]

DiPersio JF, Billing P, Williams R, & Gasson JC (1988). Human granulocyte-macrophage colony-
stimulating factor and other cytokines prime human neutrophils for enhanced arachidonic acid
release and leukotriene B, synthesis. Journal of Immunology, 140, 4315-4322.

Dye JA, McKiernan BC, Rozanski EA, Hoffmann WE, Losonsky JM, Homco LD, Weisiger RM,

& Kakoma | (1996). Bronchopulmonary disease in the cat: Historical, physical, radio-graphic,
clinicopathologic, and pulmonary functional evaluation of 24 affected and 15 healthy cats. Journal
of Veterinary Internal Medicine, 10, 385-400. 10.1111/j.1939-1676.1996.tb02086.x [PubMed:
8947872]

Enyedi B, Kala S, Nikolich-Zugich T, & Niethammer P (2013). Tissue damage detection by osmotic
surveillance. Nature Cell Biology, 15, 1123-1130. 10.1038/nch2818 [PubMed: 23934216]

Erlemann KR, Rokach J, & Powell WS (2004). Oxidative stress stimulates the synthesis of
the eosinophil chemoattractant 5-0x0-6,-8,11,14-eicosatetraenoic acid by inflammatory cells.

The Journal of Biological Chemistry, 279, 40376-40384. 10.1074/jbc.M401294200 [PubMed:
15234979]

Gore V, Gravel S, Cossette C, Patel P, Chourey S, Ye Q, Rokach J, & Powell WS (2014). Inhibition
of 5-0x0-6,8,11,14-eicosatetraenoic acid-induced activation of neutrophils and eosinophils by
novel indole OXE receptor antagonists. Journal of Medicinal Chemistry, 57, 364-377. 10.1021/
jm401292m [PubMed: 24351031]

Graham FD, Erlemann KR, Gravel S, Rokach J, & Powell WS (2009). Oxidative stress-induced
changes in pyridine nucleotides and chemoattractant 5-lipoxygenase products in aging neutrophils.
Free Radical Biology and Medicine, 47, 62—71. 10.1016/j.freeradbiomed.2009.04.016 [PubMed:
19376220]

Grant GE, Gravel S, Guay J, Patel P, Mazer BD, Rokach J, & Powell WS (2011). 5-oxo0-ETE is a
major oxidative stress-induced arachidonate metabolite in B lymphocytes. Free Radical Biology
and Medicine, 50, 1297-1304. 10.1016/j.freeradbiomed.2011.02.010 [PubMed: 21334434]

Grubbs FE (1969). Procedures for detecting outlying observations in samples. Technometrics, 11,
1-21. 10.1080/00401706.1969.10490657

Guilbert M, Ferland C, Bosse M, Flamand N, Lavigne S, & Laviolette M (1999). 5-0x0-6,8,11,14-
eicosatetraenoic acid induces important eosinophil transmigration through basement membrane
components—Comparison of normal and asthmatic eosinophils. American Journal of Respiratory
Cell and Molecular Biology, 21, 97-104. 10.1165/ajrcmb.21.1.3517 [PubMed: 10385597]

Br J Pharmacol. Author manuscript; available in PMC 2022 January 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cossette et al.

Page 18

Hosoi T, Koguchi Y, Sugikawa E, Chikada A, Ogawa K, Tsuda N, Suto N, Tsunoda S, Taniguchi T,
& Ohnuki T (2002). Identification of a novel eicosanoid receptor coupled to Gjso. The Journal of
Biological Chemistry, 277, 31459-31465. 10.1074/jbc.M203194200 [PubMed: 12065583]

likura M, Suzukawa M, Yamaguchi M, Sekiya T, Komiya A, Yoshimura-Uchiyama C, Nagase H,
Matsushima K, Yamamoto K, & Hirai K (2005). 5-Lipoxygenase products regulate basophil
functions: 5-Oxo-ETE elicits migration, and leukotriene B4 induces degranulation. The Journal of
Allergy and Clinical Immunology, 116, 578-585. 10.1016/j.jaci.2005.04.029 [PubMed: 16159627]

Jones CE, Holden S, Tenaillon L, Bhatia U, Seuwen K, Tranter P, Turner J, Kettle R, Bouhelal
R, Charlton S, Nirmala NR, Jarai G, & Finan P (2003). Expression and characterization of a
5-0x0-6 £,8.2,11 7,14 Z-eicosatetraenoic acid receptor highly expressed on human eosinophils and
neutrophils. Molecular Pharmacology, 63, 471-477. 10.1124/mol.63.3.471 [PubMed: 12606753]

Kalyvianaki K, Gebhart V, Peroulis N, Panagiotopoulou C, Kiagiadaki F, Pediaditakis I, Aivaliotis
M, Moustou E, Tzardi M, Notas G, Castanas E, & Kampa M (2017). Antagonizing effects of
membrane-acting androgens on the eicosanoid receptor OXERL1 in prostate cancer. Scientific
Reports, 7, 44418. 10.1038/srep44418 [PubMed: 28290516]

Kellaway CH, & Trethewie ER (1940). The liberation of a slow-reacting smooth muscle-stimulating
substance in anaphylaxis. Quarterly Journal of Experimental Physiology and Cognate Medical
Sciences: Translation and Integration, 30, 121-145. 10.1113/expphysiol.1940.sp000825

Kowal K, Gielicz A, & Sanak M (2017). The effect of allergen-induced bronchoconstriction on
concentration of 5-0xo-ETE in exhaled breath condensate of house dust mite-allergic patients.
Clinical and Experimental Allergy, 47, 1253-1262. 10.1111/cea.12990 [PubMed: 28763131]

Lilley E, Stanford SC, Kendall DE, Alexander SPH, Cirino G, Docherty JR, George CH, Insel PA, 1zzo
AA, Ji Y, Panettieri RA, Sobey CG, Stefanska B, Stephens G, Teixeira M, & Ahluwalia A (2020).
ARRIVE 2.0 and the British Journal of Pharmacology. Updated guidance for 2020. British Journal
of Pharmacology, 177, 3611-3616. 10.1111/bph.15178 [PubMed: 32662875]

Lima JJ, Zhang S, Grant A, Shao L, Tantisira KG, Allayee H, Wang J, Sylvester J, Holbrook J, Wise
R, Weiss ST, & Barnes K (2006). Influence of leukotriene pathway polymorphisms on response
to montelukast in asthma. American Journal of Respiratory and Critical Care Medicine, 173, 379—
385. 10.1164/rccm.200509-14120C [PubMed: 16293801]

Lynch KR, O’Neill GP, Liu Q, Im DS, Sawyer N, Metters KM, Coulombe N, Abramovitz M, Figueroa
DJ, Zeng Z, & Connolly BM (1999). Characterization of the human cysteinyl leukotriene CysLT1
receptor. Nature, 399, 789-793. 10.1038/21658 [PubMed: 10391245]

McBrien CN, & Menzies-Gow A (2017). The biology of eosinophils and their role in asthma. Frontiers
in Medicine, 4, 93. 10.3389/fmed.2017.00093 [PubMed: 28713812]

Miller LA, Cossette C, Chourey S, Ye Q, Reddy CN, Rokach J, & Powell WS (2020).

Inhibition of allergen-induced dermal eosinophilia by an oxoeicosanoid receptor antagonist in non-
human primates. British Journal of Pharmacology, 177, 360-371. 10.1111/bph.14872 [PubMed:
31655023]

Monteseirin J (2009). Neutrophils and asthma. Journal of Investigational Allergology & Clinical
Immunology, 19, 340-354. [PubMed: 19862934]

Morcillo EJ, & Cortijo J (2006). Mucus and MUC in asthma. Current Opinion in Pulmonary Medicine,
12, 1-6. 10.1097/01.mcp.0000198064.27586.37 [PubMed: 16357571]

Muro S, Hamid Q, Olivenstein R, Taha R, Rokach J, & Powell WS (2003). 5-Ox0-6,8,11,14-
eicosatetraenoic acid induces the infiltration of granulocytes into human skin. The Journal of
Allergy and Clinical Immunology, 112, 768-774. 10.1016/S0091-6749(03)01888-8 [PubMed:
14564360]

O’Flaherty JT, Kuroki M, Nixon AB, Wijkander J, Yee E, Lee SL, Smitherman PK, Wykle RL,

& Daniel LW (1996a). 5-Oxoeicosanoids and hematopoietic cytokines cooperate in stimulating
neutrophil function and the mitogen-activated protein kinase pathway. The Journal of Biological
Chemistry, 271, 17821-17828. 10.1074/jbc.271.30.17821 [PubMed: 8663432]

O’Flaherty JT, Kuroki M, Nixon AB, Wijkander J, Yee E, Lee SL, Smitherman PK, Wykle RL, &
Daniel LW (1996b). 5-Oxo-eicosatetraenoate is a broadly active, eosinophil-selective stimulus for
human granulocytes. Journal of Immunology, 157, 336-342.

Br J Pharmacol. Author manuscript; available in PMC 2022 January 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cossette et al.

Page 19

Okuda K, Chen G, Subramani DB, Wolf M, Gilmore RC, Kato T, Radicioni G, Kesimer M, Chua
M, Dang H, Livraghi-Butrico A, Ehre C, Doerschuk CM, Randell SH, Matsui H, Nagase T,
O’Neal WK, & Boucher RC (2019). Localization of secretory mucins MUC5AC and MUC5B in
normal/healthy human airways. American Journal of Respiratory and Critical Care Medicine, 199,
715-727. 10.1164/rccm.201804-07340C [PubMed: 30352166]

Percie du Sert N, Hurst V, Ahluwalia A, Alam S, Avey MT, Baker M, Browne WJ, Clark A,

Cuthill IC, Dirnagl U, Emerson M, Garner P, Holgate ST, Howells DW, Karp NA, Lazic

SE, Lidster K, MacCallum CJ, Macleod M, ... Wirbel H (2020). The ARRIVE guidelines

2.0: updated guidelines for reporting animal research. PLoS Biology, 18(7), €3000410. 10.1371/
journal.pbio.3000410 [PubMed: 32663219]

Pergola C, Dodt G, Rossi A, Neunhoeffer E, Lawrenz B, Northoff H, Samuelsson B, Radmark O,
Sautebin L, & Werz O (2008). ERK-mediated regulation of leukotriene biosynthesis by androgens:
A molecular basis for gender differences in inflammation and asthma. Proceedings of the National
Academy of Sciences, 105, 19881-19886. 10.1073/pnas.0809120105

Pouliot M, McDonald PP, Borgeat P, & McColl SR (1994). Granulocyte macrophage colony-
stimulating factor stimulates the expression of the 5-lipoxygenase-activating protein (FLAP)
in human neutrophils. The Journal of Experimental Medicine, 179, 1225-1232. 10.1084/
jem.179.4.1225 [PubMed: 8145039]

Powell WS (2021). Eicosanoid receptors as therapeutic targets for asthma. Clinical Science (London,
England), 135, 1945-1980. 10.1042/CS20190657

Powell WS, Chung D, & Gravel S (1995). 5-Ox0-6,-8,11,14-eicosatetraenoic acid is a potent
stimulator of human eosinophil migration. Journal of Immunology, 154, 4123-4132.

Powell WS, Gravel S, MacLeod RJ, Mills E, & Hashefi M (1993). Stimulation of human neutrophils
by 5-0x0-6,8,11,14-eicosatetraenoic acid by a mechanism independent of the leukotriene By
receptor. The Journal of Biological Chemistry, 268, 9280-9286. 10.1016/S0021-9258(18)98347-X
[PubMed: 8387490]

Powell WS, Gravelle F, & Gravel S (1992). Metabolism of 5(S)-hydroxy-6,8,11,14-
eicosatetraenoic acid and other 5(S)-hydroxyeicosanoids by a specific dehydrogenase in human
polymorphonuclear leukocytes. The Journal of Biological Chemistry, 267, 19233-19241. 10.1016/
S0021-9258(18)41766-8 [PubMed: 1326548]

Powell WS, & Rokach J (2020). Targeting the OXE receptor as a potential novel therapy for asthma.
Biochemical Pharmacology, 179, 113930. 10.1016/j.bcp.2020.113930 [PubMed: 32240653]

Samuelsson B, Hammarstrom S, Murphy RC, & Borgeat P (1980). Leukotrienes and slow reacting
substance of anaphylaxis (SRS-A). Allergy, 35, 375-381. 10.1111/j.1398-9995.1980.th01782.x
[PubMed: 6778241]

Schelegle ES, Gershwin LJ, Miller LA, Fanucchi MV, Van Winkle LS, Gerriets JP, Walby WF,

Omlor AM, Buckpitt AR, Tarkington BK, & Wong VJ (2001). Allergic asthma induced in rhesus
monkeys by house dust mite (Dermatophagoides farinae). The American Journal of Pathology,
158, 333-341. 10.1016/S0002-9440(10)63973-9 [PubMed: 11141508]

Schon M, Denzer D, Kubitza RC, Ruzicka T, & Schén MP (2000). Critical role of neutrophils
for the generation of psoriasiform skin lesions in flaky skin mice. The Journal of Investigative
Dermatology, 114, 976-983. 10.1046/].1523-1747.2000.00953.x [PubMed: 10771480]

Schwenk U, Morita E, Engel R, & Schroder JM (1992). Identification of 5-oxo-15-hydroxy-6,8,11,13-
eicosatetraenoic acid as a novel and potent human eosinophil chemotactic eicosanoid. The
Journal of Biological Chemistry, 267, 12482-12488. 10.1016/S0021-9258(18)42302-2 [PubMed:
1618754]

Sozzani S, Zhou D, Locati M, Bernasconi S, Luini W, Mantovani A, & O’Flaherty JT (1996).
Stimulating properties of 5-oxo-eicosanoids for human monocytes: Synergism with monocyte
chemotactic protein-1 and -3. Journal of Immunology, 157, 4664-4671.

Stamatiou PB, Chan CC, Monneret G, Ethier D, Rokach J, & Powell WS (2004). 5-0x0-6,8,11,14-
eicosatetraenoic acid stimulates the release of the eosinophil survival factor granulocyte/
macrophage colony-stimulating factor from monocytes. The Journal of Biological Chemistry, 279,
28159-28164. 10.1074/jbc.M401537200 [PubMed: 15136573]

Sturm GJ, Schuligoi R, Sturm EM, Royer JF, Lang-Loidolt D, Stammberger H, Amann R, Peskar
BA, & Heinemann A (2005). 5-ox0-6,8,11,14-eicosatetraenoic acid is a potent chemoattractant

Br J Pharmacol. Author manuscript; available in PMC 2022 January 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Cossette et al. Page 20

for human basophils. The Journal of Allergy and Clinical Immunology, 116, 1014-1019. 10.1016/
j.jaci.2005.08.001 [PubMed: 16275369]

Sun FF, Crittenden NJ, Czuk CI, Taylor BM, Stout BK, & Johnson HG (1991). Biochemical and
functional differences between eosinophils from animal species and man. Journal of Leukocyte
Biology, 50, 140-150. 10.1002/j1b.50.2.140 [PubMed: 1649240]

Svenningsen S, & Nair P (2017). Asthma Endotypes and an overview of targeted therapy for asthma.
Frontiers in Medicine, 4, 158. 10.3389/fmed.2017.00158 [PubMed: 29018800]

Takeda S, Yamamoto A, & Haga T (2002). Identification of a G protein-coupled receptor for 5-oxo-
eicosatetraenoic acid. Biomedical Research-Tokyo, 23, 101-108. 10.2220/biomedres.23.101

Ye Q, Chourey S, Reddy CN, Wang R, Cossette C, Gravel S, Slobodchikova I, Vuckovic D,

Rokach J, & Powell WS (2020). Novel highly potent OXE receptor antagonists with prolonged
plasma lifetimes that are converted to active metabolites in vivo in monkeys. British Journal of
Pharmacology, 177, 388-401. 10.1111/bph.14874 [PubMed: 31655025]

Br J Pharmacol. Author manuscript; available in PMC 2022 January 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Cossette et al.

Page 21

What is already known

. The 5-lipoxygenase product 5-oxo-ETE is a potent eosinophil
chemoattractant that acts through the OXE receptor.

. The selective OXE receptor antagonist S-Y048 blocks allergen-induced
dermal eosinophilia in monkeys.

What does this study add

. S-Y048 inhibits allergen-induced infiltration of both eosinophils and
neutrophils into the lungs of sensitized monkeys.

. S-Y048 also reduces the numbers of bronchial mucin-containing cells
following allergen challenge.

What is the clinical significance

. This is the first evidence for a pathophysiological role for 5-0x0-ETE in
allergen-induced pulmonary inflammation.

. The OXE receptor antagonist S-Y048 may serve as a novel therapeutic agent
in asthma.
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FIGURE 1.

Biosynthesis of 5-o0xo-ETE and inhibition of its actions by the OXE

receptor antagonist S-Y048. S-Y048M is the major plasma metabolite of S-

Y048. 55-HETE, (55-hydroxy-6£,8.2,11.2,14 Z-eicosatetraenoic acid); 55-HpETE, (55
hydroperoxy-6 £,82,11.7,14 Z-eicosatetraenoic acid)

Br J Pharmacol. Author manuscript; available in PMC 2022 January 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Cossette et al.

(a) Naive monkeys (n = 6)

Page 23

Monkeys from skin study (n = 6)
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FIGURE 2.

(b) Veh or S-Y048

.
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Protocol for evaluation of the effects of S-Y048 on HDM-induced pulmonary inflammation.
(a) Animals that had not been used for any other studies (“naive”) were sensitized by a
combination of subcutaneous and aerosolized exposures to HDM as described in Section
2.3. Animals from the previous skin study entered the present protocol at the time of first
exposure to aerosolized HDM. After sensitization, BAL fluid was obtained 24 h before and
24 h after HDM challenge on Weeks 22 (b) and 28 (c). On both occasions, S-Y048 (2 x

10 mg-kg™1) or vehicle were administered to monkeys 1 h before and 7 h after exposure to
aerosolized HDM. After the final BAL procedure on Week 28, the animals were euthanized,
and tissue sections taken at necropsy (c). (d) Half of the naive monkeys and half of the
monkeys from the skin study received vehicle on Week 22 and S-Y048 on Week 28, whereas
the other half from each group received S-Y048 on Week 22 and vehicle on Week 28
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Levels of S-Y048 and numbers of neutrophils and eosinophils in the blood before and after
challenge with HDM. (a) Plasma levels (means + SEM) of S-Y048 (@) and its major plasma
metabolite S-Y048M (O). Blood samples were taken immediately before HDM exposure (1
h after administration of S-Y048), immediately before the second dose of S-Y048, and 24 h
after HDM exposure. (b and ¢) Numbers of easinophils (b) and neutrophils (c) in the blood
of individual animals 24 h before and 24 h after challenge with HDM following treatment
with either vehicle (V) or S-Y048 (48). The symbols in panels (b) and (c) represent the
following subgroups: A, naive animals that received vehicle first and S-Y048 6 weeks later;
V, outlier ain Figure 4g (which was a naive animal that received vehicle first); A, naive
animals that received S-Y 048 first; O, animals from the skin study that received vehicle
first; @, animals from the skin study that received S-Y048 first. Data from all 12 monkeys
are included in all of the panels
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FIGURE 4.

Effects of S-Y048 on the numbers of inflammatory cells in BAL fluid after challenge with
HDM. BAL was performed 24 h before (before HDM) and 24 h after (after HDM) challenge
with HDM. Vehicle (V; open bars) or S-Y048 (48; closed bars) at a dose of 10 mg-kg~! was
administered by nasogastric intubation 1 h before and 7 h after aerosolized HDM. Values
are the means = SEM of the total numbers of all cells (a), macrophages (b), neutrophils

(c), monocytes (d), lymphocytes (e), and eosinophils (f) in BAL fluid. (g and h) Numbers
of eosinophils in BAL fluid from each of the 12 animals in the study. The animals are
divided into two groups for illustrative purposes only, with the three highest responders to
HDM shown in (g) and lower responders shown in (h). Different animals are designated

by different symbols. The arrows in panel (g) show the data points that were found to be
outliers following analysis using Grubbs’ outlier test. “X” symbols show all of the BAL
eosinophil data for outlier a. Shown for each animal, from left to right: before (Bef) and
after (Aft) HDM for animals treated with vehicle (Veh) or S-Y048. (i) Mean numbers of
eosinophils in BAL fluid after removal of the data for outlier a. (i.e., n=11). (j) Mean
numbers of eosinophils in BAL fluid after removal of the data for both outliers aand b. (i.e.,
n=10). The data shown in all of the bar graphs were not normally distributed and were
analysed using Friedman repeated measures analysis of variance on ranks for paired data
with the Student-Newman—Keuls method as a post hoc test. All values except for panels ()
and (h) are means = SEM. *P< 0.05
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FIGURE 5.

Effects of S-Y048 on HDM-induced increases in BAL inflammatory cells for individual
monkeys. Each symbol represents the increase in the number of eosinophils (a), neutrophils
(b), or macrophages (c) resulting from challenge with aerosolized HDM (i.e., BAL cell
number 24 h after challenge minus BAL cell number before challenge). The symbols
represent the following subgroups: A, naive animals that received vehicle first and S-Y048
6 weeks later; V, outlier a in Figure 4g (which was a naive animal that received vehicle
first); A, naive animals that received S-Y048 first; O, animals from the skin study that
received vehicle first; @, animals from the skin study that received S-Y048 first. The means
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(n=12) are shown with solid horizontal lines. In panel (a), the means excluding outlier a
(n=11) are shown with dotted lines. The data for eosinophils and macrophages were not
normally distributed, in which case the Wilcoxon signed rank test for paired data was used.
The neutrophil data were normally distributed, in which case a paired #test was used. *P<
0.05
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A Naive @ Skin

ANaive @ Skin

FIGURE 6.
Effect of S-Y048 on lung tissue eosinophils and neutrophils following HDM challenge.

Lung sections from monkeys challenged with HDM in the presence of either vehicle (a,

d) or S-Y048 (b, e) were stained with either haematoxylin and eosin to reveal eosinophils.
(a, b) or with naphthol AS-D chloroacetate and New Fuchsin to reveal neutrophils (d,

e). Examples of positively stained cells are indicated with arrows. Original magnification,
400x; scale bars, 50 um. The numbers of eosinophils (c) and neutrophils (f) per millimetre
basement membrane are shown for sections from each of the animals after HDM challenge
in the presence of either vehicle (Veh) or S-Y048 (S48). The mean values for the six animals
in each group are indicated by horizontal lines. @, Monkeys that were previously used in

the skin study; A, ¥, naive monkeys; ¥, outlier a (Figure 4g). The data were normally
distributed and analysed using the Student’s #test for unpaired data; *~ < 0.05
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FIGURE 7.
Effect of S-Y048 on the numbers of mucin-containing cells following HDM challenge. Lung

sections from monkeys challenged with HDM in the presence of either vehicle (a, d) or
S-Y048 (b, e) were stained with AB/PAS (a, b) or immunostained with an antibody against
MUCS5AC (d, e). Examples of positively stained cells are indicated with arrows. Original
magnification, 200x; scale bars, 50 um. The numbers of cells staining positively for AB/PAS
(c) and MUCSAC (f) per millimetre basement membrane are shown for sections from each
of the animals after HDM challenge in the presence of either vehicle (Veh) or S-Y048 (S48).
The mean values for the six animals in each group are indicated by horizontal lines. @,
Animals that were previously used in the skin study; A, ¥, naive monkeys; V¥, outlier a
(Figure 4g). The data were normally distributed and analysed using the Student’s #test for
unpaired data; **£< 0.05
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