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Abstract

The cyclooxygenase (COX) metabolic pathway regulates immune responses and inflammation.
The effect of the COX pathway on innate pulmonary inflammation induced by protease-containing
fungal allergens such as Alternaria alternata is not fully defined. In this study, we tested the
hypothesis that COX inhibition augments A/ternaria-induced pulmonary group 2 innate lymphoid
cell (ILC2) responses and IL-33 release. Mice were treated with the COX inhibitor indomethacin,
flurbiprofen, or vehicle and challenged intranasally with Alfernaria extract for four consecutive
days to induce innate lung inflammation. We found that indomethacin and flurbiprofen
significantly increased the numbers of ILC2, and IL-5 and 1L-13 expression by ILC2 in the lung.
Indomethacin also increased ILC2 proliferation, the percentages of eosinophils and mucus
production in the lung. Both indomethacin and flurbiprofen augmented the release of IL-33 in
bronchoalveolar lavage fluid after A/fternaria challenge, suggesting that more 1L-33 was available
for ILC2 activation and that a COX product(s) inhibited IL-33 release. This is supported by the /n
vitro finding that the COX product PGE; and the PGl analogs cicaprost decreased Alternaria
extract-induced IL-33 release by human bronchial epithelial cells. Although contrasting effects of
PGD,, PGE,, and PGl, on ILC2 responses have been previously reported, the overall effect of the
COX pathway on ILC2 function is inhibitory in Alternaria-induced innate airway inflammation.
(Word count: Abstract 211; Manuscript: 5109)

INTRODUCTION

Group 2 innate lymphoid cells (ILC2) are critical in innate airway inflammation and
promote adaptive type 2 inflammatory and immune responses in allergic diseases. The
cytokines IL-33, IL-25 and TSLP activate ILC2 in a tissue-specific manner. IL-33 activates
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lung ILC2 that express IL-33 receptor ST2, while IL-25 and TSLP play more prominent
roles in activating gut- and skin-associated ILC2, respectively.(1-8) IL-33 is constitutively
expressed mainly by epithelial cells and endothelial cells, and is sequestered in the nucleus.
(9) IL-33 can be released into the extracellular space during cell injury and necrosis, and acts
as an alarmin to activate ILC2 for IL-5 and I1L-13 expression. The release of IL-33 into the
airway has been reported in mouse models of fungal allergen-induced lung inflammation.
Challenging mice with Alternaria alternata extract (Alt), house dust mite (HDM) and papain
in the lung resulted in IL-33 release in bronchoalveolar lavage fluid (BALF).(5, 6, 10) Alt
caused epithelial damage /n vivo and induced epithelial cell necrosis, suggesting that Alt-
induced cell damage and death is a mechanism of I1L-33 release in mouse lungs.(11) Other
mechanisms proposed for Alt-induced IL-33 release include the critical role of epithelial cell
dual oxidase 1 activity, elevated extracellular secretion of ATP, augmented intracellular
calcium concentrations, and generation of reactive oxygen species (ROS).(12-14) The
importance of IL-33 in ILC2 function and innate type 2 inflammation is supported by
diminished ILC2 activation in IL-33 KO mice in Alt-challenged mouse lungs.(14)

Bioactive lipid molecules formed in arachidonic acid metabolism have regulatory functions
on physiological processes and cell signaling in mice and humans. They also influence
immune responses and inflammation. Arachidonic acid can be metabolized through the
cyclooxygenase (COX) pathway for production of prostaglandin (PG) Dy, PGE,, PGFy,,
and PGl and thromboxane Ay, or through the lipoxygenase pathways for leukotriene and
lipoxin formation. Cysteinyl leukotrienes (CysLTs) formed in the 5-lipoxygenase (5-LO)
pathway potently stimulated ILC2 production of I1L-4, IL-5 and IL-13 /n vitro and enhanced
Alt-induced ILC2 activation and IL-5 production in mouse lungs.(15-18) In contrast, lipoxin
Ay suppressed ILC2 responses.(19) In the COX pathway, PGD, promoted type 2
inflammation and the PGD,, receptor DP2 is selectively expressed on ILC2.(20) PGD5
induced chemotaxis of human peripheral blood ILC2 and mouse ILC2, and potentiated
mouse ILC2 for IL-33- and IL-25-induced type 2 cytokine responses.(20-22) Mouse and
human ILC2 also express the PGI, receptor IP and PGE, receptors (EP1, EP2, EP3, and
EP4). PGI, markedly inhibited 1L-33-induced ILC2 IL-5 and IL-13 expression /n vitroin an
IP-specific manner.(7, 23) IP-deficient mice had greater numbers of IL-5- and IL-13-
expressing ILC2 and elevated eosinophilia and inflammation in Alt-challenged lungs.(7)
Similarly, PGE; suppressed IL-5 and IL-13 production by mouse ILC2 and decreased Alt-
induced mouse and human lung ILC2 responses through the EP2 signaling pathway.(24, 25)
Due to the diverse or opposite effects of individual PGs on ILC2, the overall impact of the
COX pathway on ILC2-mediated immune responses has not been fully defined. Considering
that COX inhibiting drugs are the most commonly used pain-relieving and fever-reducing
drugs,(26) studies on the effect of COX inhibitors on ILC2 responses could provide insights
into ILC2-mediated innate type 2 inflammation and ILC2-enhanced adaptive allergic
immune responses.

In this study, we hypothesized that COX inhibition increases protease-containing fungal
allergen-induced ILC2 responses and type 2 cytokine production. We tested the hypothesis
by using the mouse model of Alt-induced and ILC2-mediated innate lung inflammation. WT
and IL-33 KO mice were treated with the non-selective COX inhibitor indomethacin (Indo),
flurbiprofen, or vehcle. COX inhibition increased Alt-induced ILC2 responses and IL-5 and
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IL-13 production. This elevated ILC2 response was associated with greater percentages of
eosinophils in BALF and airway mucus in WT mice. Furthermore, COX inhibition increased
Alt-induced ROS production and 1L-33 release in the lung independent of 5-lipoxygenase,
and the COX products PGI, and PGE, decreased 1L-33 release and cell damage of human
bronchial epithelial cells (hBE33 cells) in vitro. In 1L-33 KO mice, COX inhibition did not
increase IL-5 and IL-13 production compared to the vehicle controls. Interestingly, COX
inhibition also increased ILC2 responses in mice challenged with recombinant mouse I1L-33
in the lung.

MATERIALS AND METHODS

Mice

Wild-type (WT) BALB/c mice were obtained from The Charles River Laboratories (Raleigh,
NC). //33CTCit functional //33knockout (1L-33 KO) mice on a BALBI/c genetic background
were a gift from Dr. Andrew N.J. McKenzie (MRC Laboratory of Molecular Biology, Hills
Road, Cambridge, UK).(27) 5-LO KO mice on a 129 genetic background were purchased
from The Jackson Laboratory and backcrossed 10 generations to BALB/c genetic
background. Age-matched female WT, IL-33 KO, and 5-LO KO mice were used at 8-12
weeks old. Animal experiments were reviewed and approved by the Institutional Animal
Care and Use Committee at Vanderbilt University, and were conducted according to the
guidelines for the Care and Use of Laboratory Animals prepared by the Institute of
Laboratory Animal Resources, National Research Council.

Indomethacin, flurbiprofen, and BrdU administration and Alternaria challenge

Wild type (WT), IL-33 knockout (IL-33 KO), and 5-LO KO mice on BALB/c background
were used at 8-12 weeks of age. The mice were treated with the non-selective COX inhibitor
indomethacin (Indo, 30 ug/ml, Sigma), flurbiprofen (75 pug/ml, Sigma), or vehicle (\Veh,
ethanol) in the drinking water for 3 days followed by intranasally challenging mice daily for
4 days with Alt (Greer Laboratories, 5 ug in 100 pl PBS per mouse) or heat-inactivated (on
110 °C heat block for 2 h) Alternaria extract (HIA). The mice were continuously treated
with Indo, flurbiprofen, or \eh throughout the experiment protocol. In some experiments,
mice were intranasally challenged daily for 4 days with recombinant mouse I1L-33 (rIL-33,
PeproTech Inc., 500 ng in 100 pl PBS per mouse) or PBS. Mice were sacrificed by an
intraperitoneal injection of Fatal-Plus solution (pentobarbital sodium) 24 h after the last
challenge, and BALF and lungs were harvested for analyses. For IL-33 release, the mice
were treated with Indo or Veh for 3 days and challenged with one dose of Alt or HIA. BALF
was harvested 1 h after Alt or HIA challenge. The one-hour time point was chosen based on
published findings that IL-33 release peaked at 1h after Alt challenge.(14, 28) In some
experiments, 1 mg BrdU (BD Biosciences) was injected intraperitoneally after each Alt
challenge for analyses of ILC2 proliferation at 24 h after the last Alt/BrdU injections.

Measurement of prostaglandins and cysteinyl leukotrienes

Urine PGE; and the PGI, metabolite 6-keto-PGF;, in mouse urine samples were
determined by PGE, Express ELISA kit and 6-keto-PGF, EIA kit (Cayman Chemical).
CysLTs in mouse BALF harvested 1 h after Alt challenge from Indo- or Veh-treated mice
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were measured by CysLT ELISA kit (Cayman chemicals). Creatinine levels in the urine
were determined by Creatinine Colorimetric Assay Kit (Cayman Chemical). For mouse
urine collection, WT BALB/c mice were placed in metabolic cages, three mice per cage, and
treated with drinking water containing either Indo or EtOH as described above. After the
mice were treated with either Indo or EtOH for 3 days, they were challenged with Alt or
HIA daily for 2 consecutive days. Urine was collected daily from each cage before the first
and second challenges and at 24 h after the second challenge for the measurement of PGEy,
6-keto-PGF, and CysLTs .

BALF collection and differential cell counting

BALF collection was performed by instilling 800 pl saline through a tracheostomy tube and
then withdrawing the fluid with gentle suction via a syringe. Total white blood cells in
BALF were counted on a hemocytometer. Cytospin slides were prepared with 100 ul BALF
and stained using Diff Quik (American Scientific Products). Differential cell counts were
based on counts of 200 cells using standard morphological criteria to classify the cells as
eosinophils, lymphocytes, neutrophils, or macrophages.

Histopathology of Lungs

Lungs were harvested and fixed in 10% buffered formalin overnight. The lungs were
transferred to 70% EtOH and then embedded in paraffin blocks. Tissue sections (5 um) were
stained with periodic acid-Schiff (PAS) to assess mucus production. Slides were examined
and scored by a pathologist who was blinded to the experimental groups. PAS scoring
criteria: 0 = PAS positive cell are not observed in the examined sections; 1 = Less than 10%
of cells in medium and small airways are PAS positive; 2 = 10-20% PAS positive cells in
medium and small airways; 3 = Greater than 20% cells in medium and small airways are
PAS positive and hyperplasia of PAS positive cells is observed; 4= Greater than 20% cells in
medium and small airways are PAS positive, hyperplasia of PAS positive cells and mucus
plugging of airways are observed.

Flow cytometry

Lungs were disrupted by mechanical mincing and enzymatic digestion with 1 mg/ml
collagenase (Sigma) and 0.02 mg/ml DNase | (Sigma) in RPMI with 5% FBS for 30 min at
37°C as described.(7) EDTA was added to quench the enzymatic reaction, and the tissue was
ground and filtered through a 70-um plastic strainer. RBCs were lysed and the lung cells
were cultured with phorbol 12-myristate 13-acetate (PMA,10 nM, Sigma), ionomycin (1
pg/ml, Sigma), and GolgiStop (BD Biosciences) for 4-6 h. The cells were stained with
Ghost Dye™ Violet 450 dead cell dye (Tonbo Biosciences) and fixed with 1C fixation buffer
(eBiosciences). After cell permeabilization with eBiosciences™ Perm Buffer, the cells were
blocked with anti-CD16/CD32 (BD Biosciences) and stained for the surface markers with
specific Abs for CD3 (BD Biosciences), CD90.2 (BD Biosciences), KLRG1 (BioLegend),
ST2 (BD Biosciences), ICOS (BD Biosciences), CD25 (Invitrogen), lineage cell markers
(Ab cocktail, Miltenyi); and the intracellular cytokines IL-5 (BD Biosciences) and IL-13
(eBiosciences). The lineage marker Ab cocktail contains antibodies against CD5, CD45R
(B220), CD11b, Gr-1 (Ly-6G/C), 7-4, and Ter-119. 123count eBeads (Invitrogen) were
added for cell counting by flow cytometry. Samples were analyzed on a BD LSR 11 flow
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cytometer and data were analyzed by FlowJo software version X. ILC2 were identified as
Lin"CD90.2*KLRG1*ST2* cells except that ILC2 were identified as Lin"CD90.2*ICOS
*CD25* cells in Supplemental Fig. 3. For ILC2 proliferation assay, lung cells were stained
with APC BrdU Flow Kit (Catalogue # 552598) following the manufacturer’s protocol. The
proliferating ILC2 were identified as BrdU*Lin"CD90.2*KLRG1*ST2" cells.

Cytokine and LDH quantitation

The levels of mouse IL-5, IL-13, IL-33 and TSLP in the lung tissue, IL-33 in BALF, and
human 1L-33 in hBE33 culture supernatant were measured with Quantikine ELISA Kits
(R&D Systems). HMGBL1 in BALF was measured with HMG1/HMGBL1 ELISA kit
(LifeSpan Biosciences). LDH in BALF and in hBE33 culture supernatant was determined
with LDH Cytotoxicity assay kits (Thermo Fisher Scientific).

Protease Assay

The protease activity in Alt was measured by Protease Fluorescent Detection Kit (Sigma).
Alt was mixed with reduced L-glutathione (GSH, Sigma) or N-acetyl-L-cysteine (NAC,
Sigma) at various concentrations and incubated at r.t. for 10 min followed by protease
activity determination.

In vivo ROS quantification

Alt-induced ROS was determined by using L-012, a chemiluminescent probe that reacts with
ROS and generates luminescence.(29) A bioluminescence imager for small animals
(PerkinElmer VIS Spectrum) was used to detect /7 vivo luminescent signal and 1VIS
SpectrumCT software was used for the quantification of signal intensity. WT BALB/c mice
were treated with Indo or Veh in drinking water for 3 days and challenged intranasally with
one dose of 5 ug Alt or HIA in 100 pl PBS. Sixty min after challenge, the mice were injected
with 400 pg L-012 in 100 pl PBS retro-orbitally and imaged at 10 min after L-012 injection.

hBE33 cell culture

The immortalized human epithelial cell line (hBE33) that stably express high levels of
human IL-33 in the nuclei (12) was seeded in 24 well plates and cultured in BronchiaL.ife
Epithelial Basal Media (LifeLine cell technology). At 80-90% cell confluence, the cells
were treated with cicaprost, PGEj, the cAMP-elevating agent forskolin, or the respective
vehicles for 30 min. Alt or HIA was then added at 30 ug/ml and the cell culture supernatant
was collected at 15 min after Alt or HIA addition for human IL-33 ELISA and lactic acid
dehydrogenase (LDH) assay (Thermo Fisher Scientific). In some experiments, hBE33 cells
were treated with Indo or Veh for 4 h followed by challenging with HIA or Alt at 30 ug/ml
for 15 min.

Statistical analysis

Data were graphed by using GraphPad Prism software and analyzed with standard one-way
ANOVA with Sadik’s multiple comparisons tests. For experiments with significant
differences in SDs among treatment groups, the data were analyzed with Brown-Forsythe
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and Welch ANOVA with Dunnett T3 multiple comparisons tests. The results were presented
as mean + SEM. Differences were considered significant if p<0.05.

COX inhibition decreased the levels of PGE, and PGl, production in the urine.

To study the effect of COX inhibition on Alt-induced innate lung inflammation, we
determined whether the COX inhibitor Indo suppresses prostaglandin formation in the
mouse Alt model. We found that Alt challenge significantly increased PGE, and PGl
production and treating mice with Indo in the drinking water significantly decreased the
levels of PGE, and the PGI, metabolite 6-keto-PGF1, in the urine, compared with the
vehicle treatment (Supplemental Fig. 1). Therefore, this model provides the opportunity to
test the effect of COX inhibition on Alt-induced innate airway responses.

COX inhibition increased Alt-induced ILC2 responses.

Alt induced lung ILC2 responses in an 1L-33-dependent manner.(28) We and others have
previously shown that ILC2 are the predominant producers of type 2 cytokines in the model
of Alt-induced innate lung inflammation.(24, 30) To test the hypothesis that COX inhibition
augments Alt-induced lung ILC2 responses, we treated mice with Indo or Veh and
challenged mice intranasally with Alt or HIA daily for 4 days and analyzed ILC2 numbers
and IL-5 and IL-13 expression in the lung by flow cytometry (Supplemental Fig. 2A for flow
gating strategy). We found that COX inhibition with Indo significantly increased the total
number of ILC2 in Alt-challenged lungs compared to Veh-Alt group (Fig. 1A). COX
inhibition resulted in greater percentages of 1L-13 single positive ILC2 cells (Fig. 1A) than
Veh-Alt control, but similar percentages of IL-5/IL-13 double positive cells and IL-5 single
positive cells in the lung to those in \eh-Alt group (Complemental Fig. 2C and 2D). The
total numbers of IL-571L-13* ILC2, IL-5*1L-13* ILC2, and IL-5*1L-13" ILC2 were all
significantly greater in Indo group than in Veh group (Fig. 1E-1G). /n vivo ILC2
proliferation analyses of BrdU incorporation indicated that Indo significantly increased the
numbers of BrdU*ILC2 cells (Fig. 1H), but not BrdU*CD4 T cells (Fig. 11) in Alt-
challenged lungs. Indo did not change the total numbers of live cells (Supplemental Fig.
2B), CD4 T cells (Supplemental Fig. 2A for gating strategy and 2E), and CD4 T cells that
expressed IL-5 and/or IL-13 (Supplemental Fig. 2F-2H), indicating that in this acute innate
inflammation model, CD4 T cells were not activated. These results indicate that COX
inhibition significantly enhanced Alt-induced ILC2 proliferation and ILC2 type 2 cytokine
responses in the lung.

In the experiments described above, ILC2 were defined as Lin"CD90*KLRG1*ST2* cells.
We also performed COX inhibition and Alt-challenge experiments in that ILC2 were
identified as Lin"CD90*ICOS*CD25* cells. We found similar results that Indo significantly
increased total numbers of ILC2 and IL-5* and/or IL-13* ILC2 in the lung (Supplemental
Fig. 3). Therefore, COX inhibition increased Alt-induced ILC2 responses.
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COX inhibition increased Alt-induced airway eosinophilia and remodeling.

To test the hypothesis that COX inhibition increases Alt-induced innate type 2 lung
inflammation, mice were treated with Indo or Veh and challenged with Alt daily for 4 days
and lungs and lungs were harvested for cytokine measurements and differential cell counts.
We found that COX inhibition with Indo significantly augmented IL-5 and IL-13 responses
in the lung (Fig. 2A, 2B). Indo significantly increased the percentage of eosinophils, but not
the percentages of macrophages, lymphocytes, and neutrophils in the BALF (Fig. 2C-2F).
Indo also significantly augmented airway mucus production (Fig. 2G, 2H). These results
demonstrated that COX inhibition has an overall stimulatory effect on Alt-induced innate
type 2 cytokine responses and eosinophilia. Indo decreased the numbers of total cells,
macrophages, lymphocytes, and neutrophils in BALF, but not eosinophils (Supplemental
Fig. 4A-4E), also supporting that COX inhibition preferentially promoted innate type 2
responses.

COX inhibition increased IL-33 and LDH release

To determine the mechanisms by which COX inhibition augmented Alt-induced innate
pulmonary type 2 responses, we focused on IL-33, the major ILC2-activating cytokine in the
lung tissue.(8) We hypothesized that COX inhibition increases Alt-induced IL-33 release
and provides more IL-33 for ILC2 activation in the lung. We found that Alt induced 1L-33
release in BALF while HIA was unable to induce IL-33 release (Fig. 3A). COX inhibition
significantly increased the levels of IL-33 in BALF of Alt-challenged mice compared to
vehicle control (Fig. 3A). In addition, COX inhibition increased the release of the cell
damage marker LDH in BALF (Fig. 3B), suggesting a correlation between Alt-induced cell
damage and 1L-33 release. HMGBL1 is a nuclear protein that binds to DNA as an
architectural chromatin-binding factor and can be released from cells as an alarmin
following cell damage.(31) HMGBL1 enhanced IL-33 expression in an LPS stimulation
model of epithelial cells.(32) We therefore measured HMGBL1 levels in BALF harvested 1 h
after Alt challenge. Indo decreased HMGBL1 release in WT mice (Fig. 3C), indicating a
negative correlation between HMGBL release and Indo-augmented ILC2 responses. We also
investigated the effect of COX inhibition on Alt-induced TSLP expression in the lung and
found that Indo decreased TSLP expression at 6 h post Alt challenge (Fig. 3D), a time point
at which we found the peak of TSLP expression occurs after Alt challenge. These results
suggest that the increase of Alt-induced ILC2 responses in Indo-treated mice was related to
the positive effect of Indo on IL-33 release, but not to the effects of Indo on either TSLP or
HMGB1 expression.

The stimulatory effect of COX inhibition on Alt-induced IL-5 and IL-13 responses is
dependent on IL-33

Because IL-33 is critical for ILC2 activation, proliferation, and cytokine production in the
lung,(33) we therefore sought to determine whether the stimulatory effect of COX inhibition
on Alt-induced type 2 responses is dependent on the I1L-33 signaling pathway. We used WT
and IL-33 KO mice for COX inhibition and Alt challenges. We found that IL-33 KO mice
did not respond to Alt challenge and produced minimum levels of IL-5 and IL-13 in the lung
(Fig. 3E, 3F), indicating that Alt-induced lung type 2 cytokine responses were dependent on
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the presence of IL-33. There was no difference in IL-5 and IL-13 production in the lung
between Indo group and Veh group in IL-33 KO mice (Fig. 3E, 3F), indicating that COX
inhibition did not increase type 2 cytokine responses in the absence of IL-33.

COX inhibition increased recombinant IL-33-induced lung type 2 responses

To further investigate the role of IL-33 in COX inhibition-augmented lung type 2 responses,
we treated BALB/c mice with Indo or Veh and challenged mice intranasally for 4
consecutive days with mouse rlL-33 to test the hypothesis that COX inhibition increases
riL-33-induced lung type 2 responses. We found that Indo significantly increased not only
IL-33-induced IL-5 and IL-13 production (Fig. 3G, 3H), but also rIL-33-induced ILC2
numbers and IL-5 and IL-13 single positive and double positive cell numbers in the lung
(Fig. 31-3L). These data suggest that COX inhibition with Indo also increases type 2
cytokine responses and ILC2 functions by affecting the pathways downstream of 1L-33
release.

COX inhibition increased Alt-induced ROS production in the lung

It has been previously reported that Alt-induced IL-33 release was dependent on oxidative
stress in the lung.(12) We therefore hypothesized that COX inhibition increases ROS
production in the lung and tested this hypothesis with L-012, a luminol-based
chemiluminescent probe, to detect ROS /n vivo. We found that mice in Alt-Veh group had
significantly increased ROS signals than those in HIA-Veh group, indicating that Alt
challenge induced ROS production in the lung (Fig. 4). Indo treatment significantly
increased ROS levels in Alt-challenged lungs (Fig. 4, Veh-Alt vs. Indo-Alt), suggesting that
COX inhibition augments IL-33 release by promoting ROS production. Uchida and
colleagues reported that either L-glutathione (GSH) or N-acetyl-L-cysteine (NAC) mixed
with Alt for mouse airway challenge decreased Alt-induced IL-33 release in BALF (12). We
therefore sought to determine whether GSH and NAC can change the effect of COX
inhibition on IL-33 release. Because GSH and cysteine may inactivate enzymes by their
disulfide,(34) we hypothesized that GSH and NAC directly inactivate Alt proteases. We
found that mixing Alt with either GSH or NAC dose-dependently decreased the protease
activity of Alt (Supplemental Fig. 4F-4G), indicating direct inactivation of Alt protease by
GSH or NAC. Because Alt proteases are essential for the induction of 1L-33 release(28), we
did not further use GSH or NAC as ROS scavengers to determine their effect on Alt-induced
IL-33 release.

COX inhibition increased Alt-induced IL-33 release independent of 5-LO expression

Inhibition of the COX pathway by COX inhibitors may cause increased activity of the 5-LO
pathway and CysLTs production.(35) We therefore measured the levels of CysLTs in BALF
harvested 1 h after Alt challenge. We found that Indo significantly increased CysLTs
production in Alt-challenged mice (Fig. 5A). To determine the impact of the 5-LO pathway
and the increase of CysLTs that occurred with Indo treatment on Alt-induced IL-33 release,
we used WT and 5-LO KO mice and treated the mice with Indo or Veh in drinking water and
challenged the mice with Alt for BALF harvest at 1 h after challenge. We found that Indo
increased 1L-33 release in both WT and 5-LO KO mice (Fig. 5B, 5C), indicating that the
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effect of Indo on Alt-induced 1L-33 release was not dependent on the 5-LO pathway and
leukotriene production.

COX inhibition with flurbiprofen increased Alt-induced ILC2 responses

To further determine the effect of COX inhibition on Alt-induced lung ILC2 responses, we
used the non-selective COX inhibitor flurbiprofen as a comparison with Indo for /n vivo
experiments. We found that, like Indo, flurbiprofen significantly increased I1L-33 release to
BALF at 1 h after Alt challenge (Fig. 6A) and elevated the levels of IL-5 and IL-13
production in the lung homogenate (Fig. 6B and 6C). Although neither Indo or flurbiprofen
changed the total numbers of live cells in the lung (Fig. 6D), both COX inhibitors increased
total numbers of ILC2, IL-13 single positive ILC2, and IL-5/IL-13 double positive ILC2 in
the lung, compared to Veh control (Fig. 6E-6G). Taken together, these results indicate that
COX inhibition promotes ILC2 responses and innate type 2 cytokine production in the lung.

COX products inhibit Alt-induced human IL-33 release in vitro

Immortalized human epithelial cells (hBE33) that were genetically modified to express high
levels of human IL-33 were used to study Alt-induced IL-33 release /n vitro.(12) To study
the mechanism by which COX inhibition increases IL-33 release, we treated hBE33 cells
with Indo or Veh for 4 h followed by challenging the cells with Alt or HIA. Fifteen min after
Alt challenge, we harvested the culture supernatant for IL-33 measurements. Indo did not
significantly change Alt-induced IL-33 release by hBE33 and the levels of IL-33 were
996+129 pg/ml (Veh) and 883+220 pg/ml (Indo at 10 pM). We then hypothesized that
exogenous COX products such as PGE, and PGl suppress Alt-induced IL-33 release by
hBE33 cells /n vitro. We found that PGE,, the PGI, analogs cicaprost and iloprost, and the
cAMP-elevating agent forskolin dose-dependently decreased 1L-33 release from Alt-treated
hBE33 cells compared to vehicle treatments (Fig. 7A-7D). The decreased IL-33 release was
correlated with the lower levels of LDH in the cell culture supernatant (Fig. 7E-7F),
suggesting that PGE,, cicaprost, iloprost, and forskolin negatively affected IL-33 release by
attenuating Alt-induced cell damage.

DISCUSSION

A number of studies have shown diverse or opposing effects of individual COX products
(PGD», PGE,, and PGI5) on ILC2 responses.(7, 15, 22—-25) In this study, we show that
nonselective COX inhibition with Indo augmented Alt-induced ILC2 proliferation, activation
and IL-5 and IL-13 expression. The increased ILC2 type 2 cytokine responses correlated
with increased eosinophil percentages in BALF and augmented airway mucus. Alt-induced
type 2 cytokine responses and the effect of COX inhibition were absent in IL-33 KO mice,
indicating an essential role of IL-33 in this model. We found that Indo-increased ILC2
responses correlated with the elevated levels of I1L-33 release, increased cell damage, and
heightened ROS production. These results suggest that Indo-augmented ILC2 responses are
at least partially mediated by promoting Alt-induced epithelial cell damage, reactive oxidant
stress, and 1L-33 release for ILC2 activation and IL-5 and IL-13 production.
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COX inhibition with Indo increased rlL-33-stimulated lung ILC2 activation and type 2
cytokine responses, suggesting that COX inhibition also acts on the biological processes
downstream of IL-33 release to increase ILC2 responses. Our group and others showed that
PGE, and PGl5 signaling directly inhibited ILC2 responses in Alt-induced airway
inflammation, (7, 24, 25) while PGD, increased ILC2 responses by inducing ILC2
chemotaxis and priming ILC2 type 2 cytokine responses to 1L-33 and 1L-25.(20-22) By
suppressing PGE, and PGI, production, COX inhibition could increase ILC2 activation and
proliferation, and augment IL-5 and IL-13 production. We show that Alt challenge in the
lung increased PGE, and PGl levels in the mouse urine, indicating an activation of the
COX pathway. Production of PGE, and PGI, was increased in Alt-challenged lungs, which
is consistent with the expression of microsomal PGE, synthase in epithelial and endothelial
cells, and PGI synthase in endothelial cells.(36, 37) Conversely, Indo increased CysLT levels
in the BALF, suggesting that COX inhibition alleviates PGE,-mediated suppression of 5-LO
function.(38) COX inhibition increased IL-33 release in both WT and 5-LO KO mice,
suggesting that Indo-augmented IL-33 release is not dependent on the 5-LO pathway and the
downstream CysLT products. Since CysLTs promoted ILC2 chemotaxis and potentiated
ILC2 for IL-33 responses, CysLTs may also play a role in Indo-augmented ILC2 responses
in the four-day Alt challenge model.

COX inhibition promoted Alt-induced cell damage and IL-33 release, and the effect could
be mediated by attenuating the cytoprotective effects of COX products. IL-33 release
happens when IL-33-expressing cells undergo cellular damage or necrotic cell death. Airway
exposure of mice with Alt caused epithelial damage and induced exfoliation of necrotic
airway epithelial cells in BALF within 30 min (11) and 1L-33 release peaking at 1 h in
BALF.(14) It appears that Alt-induced cell damage is the major mechanism of 1L-33 release
and this is consistent with our data showing an association between the LDH levels and
IL-33 release /n vivoand in vitro. The cytoprotective effect of PGE, and/or PGl has been
documented in studies on gastric mucosal cells.(39) Mechanisms proposed for the
cytoprotective effect of PGE, and/or PGl include stimulation of mucin secretion and the
sodium pump function, activation of adenylyl cyclase, and protection of gastric mucosal
barrier.(39) PGE, and PGl also had a barrier-protective function on pulmonary endothelium
and the effect was mediated by PKA and Epac/Rap pathways.(40, 41) In our study, PGE,
and PGl, decreased Alt-induced LDH release by hBE33 cells, indicating a cytoprotective
effect of these PGs. The cCAMP elevating agent forskolin had similar cytoprotective effect on
hBE33 cells and decreased 1L-33 release, indicating an important role of the cAMP pathway
in Alt-induced IL-33 release. Therefore, we propose that by suppressing the production of
PGE; and PGl», Indo attenuates the cytoprotective functions of the lipid molecules, and
enhances pulmonary epithelial and endothelial cell damage and I1L-33 release. Although
TSLP can enhance IL-33-induced ILC2 responses,(42-45) COX inhibition caused a
significant decrease of TSLP expression in the lung, suggesting that TSLP does not play a
significant role in Indo-augmented ILC2 responses.

We demonstrated that COX inhibition increased ROS levels that were correlated with 1L-33
release. Alt proteases induced ROS formation and ATP release, leading to IL-33 release
from cultured epithelial cells /n vitro.(12, 14, 28, 46) Alt-induced oxidative stress has been
shown to be critical for IL-33 release by airway epithelium /7 vivo. Indo augmented Alt-
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induced ROS production in the lung, which is consistent with previously published results
showing that Indo induced ROS generation and lipid peroxidation in gastric mucosa and
inhibited the activity of glutathione peroxidase.(47, 48) Therefore, the augmented ROS
production appears to be one of mechanisms responsible for the increased cell damage and
IL-33 release in Indo-treated mice. Uchida and colleagues showed that ROS scavengers
including GSH and NAC dose-dependently reduced IL-33 release when the mice were
challenged with the mixed solution of either Alt and GSH or Alt and NAC.(12) In our study,
when GSH and NAC were mixed with Alt, they caused direct inactivation of Alt proteases.
Because Alt proteases are essential for the induction of 1L-33 release, these results suggest
that the reduction of IL-33 release in the mice challenged with GSH/AIt or NAC/Alt could
be a result of direct inactivation of Alt protease by GSH or NAC, rather than a protective
effect of GSH or NAC on airway epithelial cells.

Flurbiprofen is a non-selective COX inhibitor with similar therapeutic function as
indomethacin on relieving pain and stiffness of rheumatoid arthritis.(49) We found that
flurbiprofen promoted IL-33 release in BALF, augmented IL-5 and IL-13 production in the
lung, and increased total number of ILC2 and IL-5 and I1L-13 expression by ILC2 in Alt-
induced lung inflammation. The similar effects of flurbiprofen and indomethacin strongly
support that COX inhibition increases Alt-induced ILC2 responses and type 2 cytokine
production in this mouse model of innate lung inflammation. In a study of human ILC2
culture /n vitro, Maric and colleagues reported that flurbiprofen significantly inhibited IL-5
and IL-13 secretion from ILC2 activated by a cytokine mixture of IL-33, TSLP, and IL-25.
(50) They demonstrated that human ILC2 produced PGD, upon cytokine activation and the
endogenously produced PGD», was crucial for the cytokine-induced activation of freshly
isolated blood and tonsillar ILC2.(50) The suppressive function of flurbiprofen on human
ILC2 activation was mediated by inhibiting ILC2 PGD, production.(50) The opposing
effects of flurbiprofen on mouse lung ILC2 /n vivo and human ILC2 in vitro suggest that the
microenvironmental milieu of ILC2, especially the presence or absence of PGE, and PGl»,
plays a role in the effects of COX inhibition. Our findings are supported by a very recent
publication by Maruyama and colleagues who published that NSAID treatment heightened
innate-type allergic responses to inhalation of papain or rIL-33.(51)

In summary, we have shown that COX inhibition increased IL-33 release and augmented
lung ILC2 responses and type 2 inflammation after repeated Alt exposure in mice. While
PGD, augmented ILC2 responses,(20) and both PGE, and PGl suppressed ILC2,(7, 24) our
findings suggest an overall restraining function of COX products on protease-containing
allergen-induced airway type 2 responses. The stimulatory effect of COX inhibition on
fungal allergen associated- and ILC2-mediated innate type 2 responses provides an
important addition to our previous discoveries of COX inhibition-augmented allergen-
specific adaptive immune responses. PGE, and PG, that are FDA approved drugs for labor
induction and pulmonary hypertension, respectively, appear to have potential as therapies for
allergic diseases and asthma.
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Key points:

COX inhibition increased Alternaria extract-incuded pulmonary ILC2 responses. COX
inhibition promoted A/fernaria extract-incuded IL-33 release in the lung. COX inhibition
augmented recombinant IL-33-induced pulmonary ILC2 responses.
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Figure 1.

COX inhibition increased Alternaria-induced ILC2 responses in the lung. WT BALB/c mice
were treated with indomethacin (Indo, 30 pg/ml) or vehicle (Veh) in drinking water and
challenged intranasally with heat-inactivated A/ternaria extract (HIA) or Alternaria extract
(Alt) daily for 4 days. Mouse lungs were harvested 24 h after the last Alt challenge for flow
cytometry. (A) Representative flow plots showing the percentages of ILC2 (Lin
~“CD90*KLRG1*ST2+ cells) and IL-5* and/or IL-13* ILC2. (B) Percentages of ILC2. (C)
Percentages of IL-57IL-13* ILC2. (D)—(G) Total numbers of ILC2, IL-57IL-13* ILC2,
IL-5*IL-13* ILC2, and IL-5*1L-13 ILC2 in the lung. (H)-(1) BrdU was injected
intraperitoneally after each Alt challenge. The numbers of (H) BrdU* ILC2 and (l) BrdU*
CDA4 T cells 24 h after the last Alt/BrdU injections were determined by flow cytometry. *
p<0.05, n=2 mice in HIA groups and 8 mice in Alt groups.
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Figure2.
COX inhibition increased IL-5 and IL-13 responses and type 2 inflammation. WT BALB/c

mice were treated with Indo or \eh and challenged intranasally with HIA or Alt daily for 4
days. Bronchoalveolar lavage fluid (BALF) and lungs were harvested 24h after the last Alt
challenge. (A and B) IL-5 and IL-13 levels in the lung homogenate. (C—F) Percentages of
macrophage, eosinophils, lymphocytes and neutrophils in BALF. (G and H) Mucus score
(PAS staining) and images of PAS stains of the lung tissue. Combined data of 3 (A—F) or 2
(G) independent experiments were shown. * p<0.05, n=9-22 mice (A-B), 6-21 mice (C-F),
and 6-11 mice (G).
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Figure 3.

COX inhibition increased 1L-33 release in BALF and IL-33 is required for the effect of COX
inhibition on Alt-induced IL-5 and IL-13 responses. (A-D) WT BALB/c mice were treated
with Indo or Veh and challenged intranasally with one dose of HIA or Alt. (A—C) Mouse
BALF was harvested 1 h after the challenge. The levels of (A) IL-33, (B) LDH, and (C)
HGBML1 in BALF. (D) The levels of TSLP in the lung homogenate at 6 h after Alt
challenge. (E-F) WT mice and IL-33 KO mice were treated with Indo or Veh and challenged
intranasally with Alt daily for 4 days. Mouse lungs were harvested 24 h after the last Alt
challenge. The levels of (E) IL-5 and (F) IL-13. (G-H) WT BALB/c mice were treated with
Indo or Veh and challenged intranasally with 500 ng rIL-33 or PBS daily for 4 days. Mouse
lungs were harvested 24 h after the last rIL-33 challenge for ELISA and flow cytometry. The
levels of (G) IL-5 and (H) IL-13 in the lung homogenate. (I-L) Flow cytometry data. The
numbers of (I) total ILC2, (J) IL-571L-13" ILC2, (K) IL-57IL-13* ILC2, and (L)
IL-5%IL-13" ILC2 in the lung. Combined data of 2 independent experiments were shown. *
p<0.05, n=6-23 mice (A-B), 3-11 mice (C), 3-6 mice (D), 6-7 mice (E-F), or 6-11 mice
(G-K).
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Figure 4.
COX inhibition increased reactive oxygen species (ROS) production. WT BALB/c mice

were treated with Indo or Veh and challenged intranasally with one dose of HIA or Alt. The
mice were retro-orbitally injected with a chemiluminescent ROS prob, L-012, at 60 min
after HIA or Alt challenge, and the ROS signal was captured and imaged with a small
animal bioluminescence imager 10 min after L-012 injection. (A) Mouse images of ROS
responses. (B) Quantitation of the ROS signals. Combined data of 2 independent
experiments were shown. * p<0.05, n=4-8 mice.
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Figure5.
COX inhibition increased CysLT release in WT mice and augmented 1L-33 release in WT

and 5-LO KO mice. WT BALB/c and 5-LO KO mice were treated with Indo or Veh and
challenged intranasally with one dose of HIA or Alt. Mouse BALF was harvested 1h after
the challenge for CysLT and IL-33 ELISA. (A) The levels of CysLTs. (B) IL-33 levels in
WT mice. (C) IL-33 levels in 5-LO KO mice. Combined data of 2 independent experiments
were shown. * p<0.05, n=3-16 mice.
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Figure 6.
COX inhibition with flurbiprofen increased ILC2 and type 2 cytokine responses. WT

BALB/c mice were treated with Indo, flurbiprofen (FBP, 75 ug/ml, B—H) or Veh in drinking
water and challenged intranasally with Alt (A) once, or (B-H) daily for 4 days. Mouse lungs
were harvested (A) 1 h after Alt challenge for ELISA, or (B—H) 24 h after the last Alt
challenge for ELISA and flow cytometry. (A) IL-33 levels in BALF. (B)-(C) IL-5 and I1L-13
levels in the lung homogenate. (D) Total numbers of live cells. (E-H) The numbers of ILC2
(Lin"CD90*KLRG1*ST2* cells), IL-57IL-13* ILC2, IL-57IL-13* ILC2, and IL-5FIL-13"
ILC2 in the lung. * p<0.05, n=5-7 mice per group.
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COX products inhibited IL-33 release from human bronchial epithelial (hBE33) cells.
hBE33 cells were treated with PGEy, cicaprost, iloprost, and the cyclic AMP-elevating agent
forskolin at 10 nM, 100 nM, or 1000 nM or respective vehicles for 30 min followed by
treatment with Alt (30 pg/ml) for 15 min. The levels of (A-D) human IL-33 and (E-H) LDH
in the culture supernatant. Combined data of 2 independent experiments were shown. *

p<0.05, n=6 wells.
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