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PI3Kod contributes to ER stress-associated asthma
through ER-redox disturbances: the involvement of the

RIDD-RIG-I-NF-kB axis

Hyun-Kyoung Kim"%, Geum-Hwa Lee!®, Kashi Raj Bhattarai!, Raghu Patil Junjappa!, Hwa-Young Lee!,
Mallikarjun Handigund!, Anu Marahatta’, Bidur Bhandary!’, In-Hwan Baek?, Jae Sung Pyo?,
Hye-Kyung Kim?, Ok Hee Chai®, Hyung-Ryong Kim*, Yong-Chul Lee® and Han-Jung Chae!

Hyperactivation of phosphoinositol 3-kinase (PI3K) has been suggested to be a potential mechanism for endoplasmic reticulum
(ER) stress-enhanced airway hyperresponsiveness, and PI3K inhibitors have been examined as asthma therapeutics. However,
the regulatory mechanism linking PI3K to ER stress and related pathological signals in asthma have not been defined. To
elucidate these pathogenic pathways, we investigated the influence of a selective PI3Ké inhibitor, IC87114, on airway
inflammation in an ovalbumin/lipopolysaccharide (OVA/LPS)-induced asthma model. In OVA/LPS-induced asthmatic mice, the
activity of PI3K, downstream phosphorylation of AKT and activation of nuclear factor-kB (NF-kB) were all significantly elevated;
these effects were reversed by IC87114. IC87114 treatment also reduced the OVA/LPS-induced ER stress response by
enhancing the intra-ER oxidative folding status through suppression of protein disulfide isomerase activity, ER-associated
reactive oxygen species (ROS) accumulation and NOX4 activity. Furthermore, inositol-requiring enzyme-1la (IREla)-dependent
degradation (RIDD) of IRE1a was reduced by IC87114, resulting in a decreased release of proinflammatory cytokines from
bronchial epithelial cells. These results suggest that PI3K§ may induce severe airway inflammation and hyperresponsiveness by
activating NF-kB signaling through ER-associated ROS and RIDD-RIG-I activation. The PI3K$ inhibitor IC87114 is a potential

therapeutic agent against neutrophil-dominant asthma.
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INTRODUCTION

Allergic asthma, one of the most common respiratory diseases,
is characterized by chronic airway inflammation, reversible
airway obstruction, increased mucus production and nonspe-
cific airway hyperresponsiveness.! The ovalbumin/lipopolysac-
charide (OVA/LPS)-induced murine asthma model is widely
used to study the mechanisms of inflammation-related airway
airway hyperresponsiveness and remodeling.>? It has been
suggested that airway inflammation in asthma is related to
Toll-like receptor 4 signaling.® Activation of Toll-like receptor 4
stimulates the phosphoinositide 3-kinase (PI3K)/Akt pathway
as well as downstream nuclear factor-kB (NF-kB) signaling,*

resulting in the upregulation of proinflammatory chemokines.®
Signaling pathways involving the PI3K® isoform regulate
lymphocyte development, differentiation and activation.’
Moreover, mast cell activation, differentiation and survival
are related to PI3K p1105 catalytic activity.® Blockade of PI36K
as a therapeutic strategy against severe asthma was initially
accomplished through development of the quinazolinone
purine series of inhibitors, as exemplified by 2-[(6-amino-
purin-9-yl)methyl]-5-methyl-3- (2-methylphenyl)quinazolin-4-
one (IC87114; ICOS Corporation, Bothell, WA, USA).’

The endoplasmic reticulum (ER) is an oxidative compart-
ment that enables the formation of protein disulfide bonds by
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thioloxidation.® Disulfide bond formation in the ER by protein
disulfide isomerase (PDI) generates hydrogen peroxide (H,0;)
that in turn forms highly reactive hydroxyl radicals in the
presence of iron. Under conditions of PI3K hyperactivity, the
ER is subjected to a high load of protein generation and is
subsequently disturbed.” In addition, the ER contains nicoti-
namide adenine dinucleotide phosphate oxidase (NOX), a
major generator of superoxide.'? It has also been reported that
NOX4 expression is increased in primary bronchial epithelial
cells of patients with neutrophilic asthma, leading to increased
production of ER reactive oxygen species (ROS).!! Thus, ER
protein overload leading to a disturbance of ER redox home-
ostasis and accumulation of both misfolded proteins and ROS
may be key pathogenic mechanisms in neutrophilic asthma.
Neutrophil-dominant asthma associated with ER stress
caused by accumulation of misfolded proteins or ROS may
also depend on activation of the transcription factor NF-kB.!?
Accumulation of misfolded proteins induces an adaptive
unfolded protein response (UPR). The inositol-requiring
enzyme 1 (IRE1) is an initiator of one branch of the UPR
that is closely linked to inflammatory signaling through the
splicing of XBP1 (sXBP1).!> Moreover, it has been suggested
that the IREl-regulated IRE-la-dependent decay (RIDD)-
retinoic-acid inducible gene 1 (RIG-I) pathway regulates innate
immunity against the potent mucosal pathogen Vibrio cholera,
as well as against nucleic acids in the cytosol, affecting adaptive
immunity.!»!>  Hyperphosphorylation of IREla increases
RNase activity to degrade endogenous mRNA, a process
termed ‘regulated IREla-dependent decay (RIDD) of mRNA'.
The RIDD reaction produces single-strand mRNA fragments,
activating RIG-I to cause a cell-autologous inflammatory
response via the NF-kB and IFN pathways.!#!® However,
RIDD has not been studied in bronchial epithelial and immune
cells from the murine OVA/LPS-induced severe asthma model.
In this study, we demonstrate enhanced PI3K/Akt signaling
in the OVA/LPS-induced refractory asthma murine model and
suppression by 1C87114 attributable to the control of redox-
sensitive PDI activity as well as related ROS and ER stress.

MATERIALS AND METHODS

Materials

Primary antibodies targeting the following proteins were used in this
study: p-elF2a, IRE-1a, CHOP (Cell Signaling Technologies, Danvers,
MA, USA), GRP78, ATF6a, PERK, p-PERK, sXBP-1, f-actin (Santa
Cruz Biotechnologies, Santa Cruz, CA, USA), p-IRE-la (Abcam,
Cambridge, MA, USA) and monoclonal PDI (clone 1D3, Enzo Life
Sciences, Farmingdale, NY, USA). Horseradish peroxidase-conjugated
secondary antibodies were obtained from Santa Cruz Biotechnology.
IC87114 was obtained from Calbiochem (San Diego, CA, USA).
Ovalbumin, lipopolysaccharide, N-ethylmaleimide (NEM), 4-hydroxy-
2-nonenal (4-HNE) and dihydroethidine (DHE) were purchased from
Sigma-Aldrich (St Louis, MO, USA).

Mice

All experiments were performed using adult female inbred C57BL/6
mice (8—10 weeks old, 20-23 g) purchased from Damul Sciences
(Dajeon, Korea).!”!® Mice were housed (=5 mice per cage) in a fully
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climate-controlled room at constant temperature and humidity on a
12 h:12 h light/dark cycle with food and water provided ad libitum.
The animal ethics committee of Chonbuk National University of
Korea approved all experiments (CBU 2013-0025) on the basis of the
3Rs (replacement, refinement and reduction). Animals were deeply
anesthetized with isoflurane before killing via blood collection. All
efforts were made to minimize the number of animals used and their
suffering. Animal studies are reported in compliance with the ARRIVE
guidelines.!*2

Group size, randomization and blinding

Mice were selected from the eligible pool and randomly divided into
three groups of six for either sham induction using saline (SAL)
challenge (control group) or asthma model induction with OVA/LPS
plus vehicle or IC87114 treatment (OVA/LPS+IC87114 groups). The
researchers treating the animals were not aware of the pharmacological
treatments of each group.

A protocol for murine models of asthma

The protocols and schedules used for saline control (SAL) and the two
OVA/LPS groups (either IC87114 or vehicle administration) are
summarized in Supplementary Figure 1A. All OVA/LPS group mice
were sensitized intranasally with 75 pg of OVA plus 10 pg of LPS on
days 0, 1, 2, 3 and 7 and were then challenged with 50 pg of OVA
alone on days 14, 15, 21 and 22. On day 22 (3 h after the last airway
challenge with OVA), IC87114 at 1 mgkg™' or vehicle (0.05%
dimethyl sulfoxide) diluted in 0.9% NaCl was administered in a
volume of 30 pl by an intratracheal nonsurgical method.?!

Nonsurgical intratracheal method

Model mice received a single dose of IC87114 (1 mgkg™!) or vehicle
intratracheally by a nonsurgical method as previously described.”! We
selected 1 mgkg™! based on reports of the efficacy of this dose for the
treatment of pulmonary disease.’? Using forceps, the tongue was
pulled out and held to the side. With the other hand, a 1 ml syringe
containing the drug or vehicle, fitted with a bent gavage needle, was
inserted into the trachea and the plunger depressed to deliver the drug.
Venous blood samples were collected at the indicated time points
described in Supplementary Figure 1A. Six animals were killed at each
time point for subsequent analyses.

Measurement of airway hyperreactivity

Airway hyperreactivity was assessed by whole-body plethysmography
during airflow obstruction induced by a methacholine (MeCh)
aerosol.>>** Each group of mice was exposed for 3 min to aerosolized
saline, followed by exposure to increasing concentrations of aero-
solized MeCh (0, 6.25, 12, 25 and 50 mgml~!) dissolved in isotonic
saline. Each dose was nebulized for 2 min, and airway responses were
recorded for 5 min. Following each administration through the inlet of
the main chamber, the enhanced pause (Penh) was recorded for
3 min. The Penh values measured during each 3 min sequence were
averaged for each dose. Penh data were plotted as the change from
baseline per dose of MeCh. The percentage increases in Penh over
baseline at each concentration were used to compare airway reactivity
among the experimental groups.

Analysis of BALF samples

Bronchoalveolar lavage fluid (BALF) samples (1 ml) were obtained
from each mouse. Samples were centrifuged (600 g, 3 min), and the
supernatant was stored at —20 °C for cytokine analysis. The cell pellets



from samples were pooled for total cell counts using a Model Z1
(Beckman-Coulter, Miami, FL, USA) after lysis of erythrocytes
(Zap-Oglobin II, Beckman-Coulter, Fullerton, CA, USA). Slides were
loaded with cells, centrifuged (700X g, 3 min) and stained with Diff-
Quick (Baxter, Detroit, MI, USA). Differentials were enumerated via
light microscopy.

PI3K kinase assay

The in vitro PI3K activity was determined using a commercially
available enzyme-linked immunosorbent assay kit (Echelon Bios-
ciences, Salt Lake City, UT, USA). Briefly, lung tissues were lysed
via addition of 1% CHAPS, 150 mm NaCl, 20 mm Tris-HCI, 10 mm
HEPES, phosphatase inhibitor (Sigma-Aldrich) and protease inhibitors
(Roche, Palo Alto, CA, USA). The lysates were centrifuged at 13 000 r.
p-m. for 30 min at 4 °C. The supernatant protein concentration was
measured by the Bradford assay, and immunoprecipitation was
performed with an anti-PI3K p85 antibody (Santa Cruz Biotechnol-
ogy) and protein A/G beads (Sigma-Aldrich) from 500 pg of the tissue
lysate protein. The activity of the recovered sample was assayed
according to the manufacturer’s instructions.

Subcellular fractionation

Subcellular extractions (cytosol, nuclear and ER) were performed as
previously described.?® Lung tissues were resuspended in osmotic
buffer (0.32 M sucrose, 1 mm MgCly, 10 mm Tris-HCL, pH 7.4) and
lysed by 20 passes with a Dounce homogenizer. The homogenate was
centrifuged at 1000x g for 10 min at 4°C to obtain the nuclear
fraction (pellet). The supernatant was then centrifuged at 13 000 x g
for 30 min at 4 °C. The second supernatant was centrifuged for 1 h at
100 000 x g at 4 °C using a SW32.1 rotor in an L8-80M ultracentrifuge
(Beckman Coulter) to obtain the cytosol (supernatant) and ER (pellet)
fractions. Fractions were collected and stored at —80 °C until use.

Quantitative real-time PCR

The mRNA expression levels were determined by quantitative real-
time PCR (qQRT-PCR) as previously described.?> Total RNA was
isolated from lung tissue with Trizol reagent (Invitrogen Life
Technologies, Carlsbad, CA, USA), and complementary DNA was
synthesized from RNA using a PrimeScript Reverse Transcriptase kit
according to the manufacturer’s protocols. Quantitative real-time PCR
was performed using SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, CA, USA) according to the protocols provided
by the manufacturer with an ABI prism 7700 Sequence Detector
System (Applied Biosystems). Murine primers used in this study are
listed in Supplementary Table 1. Target gene mRNA expression levels
were calculated using the ACt method and normalized to glyceralde-
hyde 3-phosphate dehydrogenase mRNA expression.

Immunohistochemistry and periodic acid-Schiff staining
Histological studies were performed as previously described.” Lung
tissues were fixed in a 4% formalin solution for 24 h, embedded in
paraffin and stained with antibodies or periodic acid-Schiff reagent as
previously described.?® Serial 4 pm thick sections were prepared,
blocked with 5% serum after antigen retrieval and incubated at 4 °C
overnight with one of the following primary antibodies: anti-pS6K,
anti-4E-BP1, Mucin5AC or 4-HNE. Immunostaining was visualized
with 3,3’-diaminobenzidine, and sections were counterstained with
hematoxylin and eosin.
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Western blotting assay

The protein levels were determined by western blotting analysis as
previously described.” Lung tissues were lysed in RIPA buffer (10 mm
Tris pH 7.4, 150 mm NaCl, 1% Triton X-100, 1% sodium deoxycho-
late, 0.1% sodium dodecyl sulfate, 1 mm phosphatase inhibitor cock-
tail, 1 mM protease inhibitor cocktail) for 30 min on ice. Equal
amounts of protein were separated on 10% SDS—polyacrylamide gel
electrophoresis gels and transferred to polyvinylidene difluoride
membranes using a Bio-Rad mini-transfer tank. Membranes were
probed with the indicated primary antibodies. After incubation with
the secondary antibody, blots were developed using a chemilumines-
cence detection system. Images were acquired and analyzed with
Image] software (U. S. National Institutes of Health, Bethesda, MD,
USA). The protein expression levels (band intensities) were normal-
ized to those of B-actin.

Enzyme-linked immunosorbent assay

The concentrations of interleukin (IL)-4, IL-5, IL-13 and IL-17 in
BALF were measured via individual enzyme-linked immunosorbent
assay kits according to the manufacturer’s instructions (BD Bios-
ciences, San Jose, CA, USA).

Lipid peroxidation assay

Lipid peroxidation was assessed using a lipid hydroperoxide assay kit
purchased from Cayman Chemicals (Ann Arbor, MI, USA). Lung
microsomes (1 mg) were homogenized in 1 ml of ice-cold 2% SDS
buffer. The sample homogenates, as well as malondialdehyde stan-
dards, were incubated with SDS and 0.8% thiobarbituric acid (20%
acetic acid, pH 3.5) in the presence of 0.8% butylated hydroxytoluene
at 95°C for 1h. After incubation, samples were cooled on ice and
centrifuged at 3000 r.p.m. for 15 min. Peroxidation levels in super-
natants were assessed on a spectrophotometer at an absorbance of
532 nm.

GSH/GSSG (reduced/oxidized glutathione) ratio assay
Oxidative stress in the lung was examined using a glutathione assay kit
from Cayman Chemicals according to the manufacturer’s instruc-
tions.?’

Oxy blot assay

Oxidative protein carbonylation assays were performed on lung tissue
following western blot using an OxyBlot Protein Detection Kit
(Millipore, Billerica, MA, USA) according to the manufacturer’s
instructions. The carbonyl groups in the protein side chains were
derivatized to DNP-hydrazone by reaction with 2,4-dinitrophenylhy-
drazine (DNPH) following the manufacturer’s instructions. After
derivatization of the protein sample, one-dimensional electrophoresis
was carried out on 10% SDS polyacrylamide gel electrophoresis gels.
Proteins were transferred to polyvinylidene difluoride membranes.
After incubation with an anti-DNP antibody, the blot was developed
using a chemiluminescence detection system.?

PDI redox state and high-molecular-weight protein complex
formation

Procedures were performed as previously described.”® Briefly, ER
fractions were incubated with or without 10 mm dithiothreitol (DTT)
for 10 min at 37 °C or 5 mm diamide as a redox state control. The ER
fractions were washed twice with ice-cold phosphate-buffered saline
supplemented with 20 mm NEM and lysed in buffer (20 mm Tris, pH
7.4; 150 mm NaCl; and 1% Triton X-100) for 30 min on ice. The lysate
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Figure 1 Ovalbumin (OVA) plus lipopolysaccharide (LPS) induces severe asthma in mice. (a) Lung tissues and bronchoalveolar lavage fluid
(BALF) cells obtained from OVA/LPS-sensitized/challenged mice (OVA/LPS), saline/saline-sensitized/challenged mice (SAL) and OVA/LPS-
sensitized/challenged mice administered drug and vehicle were stained with hematoxylin and eosin (upper) and Diff-Quick solution (lower).
Magnification, x100. (b) Total cells and differential cellular components of BALF (n=6 animals per experimental group.
(c) Immunoblotting of nuclear factor-kB (NF-kB), IkBa and AKT proteins from samples collected by subcellular fractionation of lung
tissues. (d) Changes in the NF-kB and AKT protein expression levels (mean +s.e.m.) relative to the control (SAL) group (n=6 animals per
group). (e) Changes in endoplasmic reticulum (ER) stress marker protein expression (mean +s.e.m.) relative to the control (SAL) group
(n=6 animals per group). (f) Lung sections from mice were prepared and stained with periodic acid-Schiff (PAS; upper) and anti-
mucin5AC antibody (lower). Mice challenged with saline (SAL) were used as the control group. #P<0.05 versus SAL.

was cleared by centrifugation, and the protein concentrations were
determined by the Bio-Rad Bradford protein assay. Then, 20 pug of
total protein per gel lane was separated on nonreducing gels (no DTT,
not boiled) using 12% polyacrylamide to distinguish the redox forms
of PDI and 8% polyacrylamide to detect complexes between PDI and
its substrate proteins.

Detection of carbonylated PDI
Detection of carbonylated PDI was performed as previously
described.?® Proteins (100 pg) from lung tissue homogenates were
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derivatized for 5 min using the OxyBlot kit (Millipore). The reaction
was stopped by the addition of a neutralization solution according to
the manufacturer’s instructions. To remove DNPH, proteins were
pelleted by ultracentrifugation at 100000 g for 1h at 4°C. Protein
pellets were washed with immunoprecipitation lysis buffer (20 mm
Tris, pH 7.4; 150 mm NaCl; and 0.5% Triton X-100 and protease
inhibitor) and resuspended in 300 pl of fresh immunoprecipitation
lysis buffer. Resuspension solutions were incubated with PDI anti-
bodies and then with protein A/G-Sepharose (50% slurry, Sigma-
Aldrich) for an additional 2 h. Immunocomplexes were collected by



centrifugation, washed three times with 10 mm Tris (pH 7.5) contain-
ing 0.1 M NaCl and 1% Triton X-100, eluted in 50 pl of sample buffer,
and resolved on non-reducing gels, followed by western blotting with
anti-DNP rabbit antibody according to the OxyBlot kit instructions.

H,0, measurement

Release of H,O, from isolated ER was measured using the Amplex
Red Hydrogen Peroxide/Peroxidase Assay (Life Technologies, Darm-
stadt, Germany) in assay buffer containing 115mwm KCl, 10 mm
KH,PO,, 2mm MgCly, 3 mm HEPES, 1 mm EGTA, pH 7.2. The
in vitro levels of HyO, were measured according to the manufacturer’s
protocol.

In vivo siRNA transfection

In vivo small interfering RNA (siRNA) transfection was performed as
previously described.?% NF-kB and control siRNAs were purchased
from Santa Cruz. siRNA was dissolved in a 5% glucose solution and
in vivo jetPEI (Polyplus Transfection, New York, NY, USA) to an N/P
ratio (the number of nitrogen residues of in vivo-jetPEl per DNA
phosphate) of 7, and a total of 50 pl of the siRNA-jetPEI complex was
administered intranasally to nude mice before the last challenge.

Data normalization

As a control group, mice were sensitized and challenged intranasally
with saline (SAL). We calculated the control mean and all of the values
of all of the groups relative to the mean value of the control group; the
control group value was set as 1 or 100%, and all of the individual
values were expressed as fold changes relative to the control mean.’!

Data and statistical analysis

All data and statistical analyses complied with the recommendations
for experimental design and analysis in pharmacology.3! Data are
expressed as the mean +s.e.m. GraphPad Prism version 5.01 (Graph-
Pad Software, San Diego, CA, USA) was used for all statistical analyses.
Comparisons between two groups were made using Student’s
unpaired t-test for normally distributed data or the Mann—Whitney
U-test as the nonparametric equivalent. Comparisons between three or
more groups were performed using one-way analysis of variance
followed by Tukey’s post hoc test for normally distributed data or with
a Kruskal-Wallis H-test for nonnormally distributed data. A threshold
of P<0.05 was designated as statistically significant for all tests.

RESULTS

OVA with LPS treatment induces airway inflammation and
ER stress

To determine whether severe neutrophilic asthmatic inflam-
mation is induced by OVA in combination with 10 pg of LPS
in mice, we performed the experiments shown in
Supplementary Figure 1a as described previously.”? Mice were
sensitized intranasally with OVA plus LPS (OVA/LPS) on days
0, 1, 2 and 7 and then challenged intranasally with OVA alone
on days 14, 15, 21 and 22 (hereafter referred to as OVA/LPS-
treated mice). At 3 h after the last challenge, we administered
vehicle (0.05% dimethyl sulfoxide) by nonsurgical intratracheal
administration. As expected, OVA/LPS-treated mice exhibited
increased total inflammatory cell counts in BALF, inflamma-
tory cell infiltration in bronchioles and thickening of the airway
epithelium compared with control (SAL) mice sensitized with
saline, and these inflammatory responses persisted for up to

PI3K$ is involved in ER-redox disturbance/ER stress-associated asthma
H-K Kim et al

3 days after OVA challenge (Figures 1a and b). Phosphorylation
of AKT increased in OVA/LPS-sensitized/OVA-challenged
mice (Figure 1c). Moreover, NF-kB, a central transcription
factor in the inflammatory response, was translocated into the
nucleus simultaneously with degradation of the inhibitory
factor IxkBa (Figures lc, d and Supplementary Figure 1b).
The expression levels of the ER chaperone GRP78, p-PERK and
its downstream effector elF2a, p-IRE-la and its downstream
effector spliced XBP1 (sXBP-1) and cleaved ATF6, constituting
the three branches of the adaptive UPR, were enhanced in
OVA/LPS-treated mice compared with SAL controls (Figure le
and Supplementary Figures 1c and d). Of the mucin genes in
the adult human lung, muc5AC is the predominant gene
expressed and is the most abundant in mucus secretions.??
Secretion of mucin5AC into BALF was elevated in OVA/LPS-
treated mice, indicating that mucus is hyperproduced in this
asthma model (Figure 1f). These results suggest that OVA/LPS
treatment induces severe and generally neutrophil-dominant
asthma accompanied by ER stress, NF-xB inflammatory
signaling and airway remodeling.

IC87114 attenuates OVA/LPS-induced airway inflammation
and its signaling

To assess the possible therapeutic effects of IC87114, mice were
treated with 1 mgkg™! IC87114 at 3h after the last OVA
challenge by intratracheal administration and then killed at
various times to assess the progression of pathology. Lungs
from OVA/LPS-treated mice showed widespread peribronch-
iolar and perivascular inflammatory cell infiltrates compared
with SAL mice, as shown in Figure 1 (Figure 2a). However,
administration of IC87114 resulted in a significant reduction in
inflammatory cell infiltration and recovery of airway morpho-
logical alterations (Figure 2a and Supplementary Figure 2). The
increased numbers of total cells, eosinophils and neutrophils
observed in OVA/LPS-treated mice that received vehicle were
significantly decreased by IC87114 treatment (Supplementary
Figures 3a—c and Figure la). Airway responses to MeCh were
measured 1 h before and 0, 4 and 8 h after aspiration. At 1h
before aspiration, OVA/LPS-treated asthma groups showed
airway hyperresponsiveness, as indicated by significantly
increased Penh values in response to MeCh. In contrast,
IC87114 exposure significantly reduced Penh values in OVA/
LPS mice (Supplementary Figure 3d).

PI3K activity and downstream phosphorylation of the targets
AKT, S6K and 4E-BP1 were also inhibited by administration of
IC87114 (Figures lc, 2b, ¢ and Supplementary Figure 4).
Subcellular fraction analysis showed that nuclear translocation
of NF-kB and degradation of cytosolic IkBa were significantly
inhibited by IC87114 treatment compared with OVA/LPS-
treated mice that received vehicle (Figures 1c, 2d and e). In
patients with high inflammation/airway remodeling status,
secretion is also considered a pathological
phenomenon.®> Administration of IC87114 significantly inhib-
ited the induction and secretion of mucin5AC compared with
vehicle treatment, indicating that submucosal edema and

mucin
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Figure 2 IC87114 attenuates airway inflammation in ovalbumin/lipopolysaccharide (OVA/LPS)-induced asthma. (a) Lung tissues and
bronchoalveolar lavage fluid (BALF) cells obtained from OVA/LPS-treated mice, saline (SAL)-treated mice and OVA/LPS-treated mice
administered 1 mgkg~! 1C87114 were stained with hematoxylin and eosin (upper) and Diff-Quick solution (lower). Magnification x 100.
(b) Phosphoinositol 3-kinase (PI3K) activity was measured as described in the Materials and methods (n=6 animals per experimental
group). (c) Immunoblotting and densitometric analyses (lower) were performed with an anti-p-AKT or AKT antibody. (d) Immunoblotting
was performed for nuclear factor-kB (NF-kB) or IxBa after isolating nuclear, cytosolic, and total fractions. (e) Densitometric analyses of
nuclear NF-xB p65/nuclear histone, cytosolic p65/cytosolic tubulin and IkBo/B-actin were performed. (f) Immunoblotting was performed
with an anti-MucinbAC antibody in lung tissues (upper) and in BALF (CBB staining for loading control). The lines with SAL and OVA/LPS
represent two samples from the same conditions. In (c) and (e), values are presented as the mean (+s.e.m.) fold change relative to the
control (SAL) group (n=6 animals per experimental group). Mice challenged with saline (SAL) were used as the control group. #P<0.05
versus SAL; *P<0.05 versus OVA/LPS only.

mucus hypersecretion were reduced by 1C87114 (Figures 1f
and 2f).

We then assessed secretion of the T helper type 2 cytokines
IL-4, IL-5, IL-10 and IL-13, as overproduction of these factors
also contributes to asthmatic conditions.** The OVA/LPS
treatment induced marked increases of the BALF IL-4, IL-5,
IL-13 and IL-17 levels compared with SAL-treated mice
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(Supplementary Figure 5), and the levels of these cytokines
were drastically reduced in a time-dependent manner by
IC87114 administration compared with vehicle treatment.
Consistent with this reduction in secretion, the IL-4,
IL-5, IL-13 and IL-17 mRNA levels in lung tissues were
decreased by 1C87114 compared with vehicle (Supplementary
Figure 6).
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Figure 3 IC87114 attenuates stress-associated reactive oxygen species (ROS) accumulation in the endoplasmic reticulum (ER) of lung
epithelial cells. (@) The 4-hydroxy-2-nonenal (4-HNE) and dihydroethidine hydrochloride (DHE) staining in lung tissues obtained from
ovalbumin/lipopolysaccharide (OVA/LPS)-treated mice, saline (SAL)-treated mice and OVA/LPS-treated mice administered 1 mgkg™!
IC87114. (b) Lysates from lung tissues analyzed for the presence of oxidized proteins by oxyblot analysis. 4-HNE and malondialdehyde
(MDA) (c) and hydrogen peroxide levels (d) in lung ER fractions from 1C87114-treated mice. (e) GSH/GSSG ratio in the lung ER fraction.
In (d) and (e), values are presented as the mean (+s.e.m.) fold changes relative to the control (SAL) group (n=6 animals per experimental
group). (f) Immunoblotting was performed using an anti-calnexin antibody as an ER marker and an anti-voltage-dependent anion-selective
channel (anti-VDAC) antibody as a mitochondrial marker, after isolating ER fractions. Mice challenged with saline (SAL) were used as the

control group. ¥P<0.05 versus SAL; *P<0.05 versus OVA/LPS only.

The role of NF-xB in this asthma model was further
examined through genetic interference. NF-kB and control
siRNA were dissolved in transfection reagents and adminis-
tered intranasally to nude mice before the last challenge. As
seen in Supplementary Figure 7, an increased number of
total cells was observed in OVA/LPS-treated mice that
received control siRNA, whereas these numbers were sig-
nificantly decreased under NF-kB siRNA-administered con-
ditions (Supplementary Figure 7a). Moreover, NF-kB
translocation into the nucleus was reduced and the levels
of IL-4, IL-5 and IL-13 were also reduced in NF-kB siRNA-

treated mice compared with control siRNA-treated mice
(Supplementary Figures 7b and c).

1C87114 regulates the OVA/LPS-induced ER redox
imbalance and associated ROS accumulation

Oxidative stress is one of the cardinal pathogenic features of
allergic lung inflammation, and hence we measured membrane
lipid peroxidation, protein oxidation and glutathione redox status
(GSH/GSSG balance) in lung tissue.® To determine the oxidative
stress caused by ER-derived ROS, ER fractions free of mitochon-
dria were prepared and were immunoblotted for calnexin as an
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ER marker and voltage-dependent anion channel as a mitochon-
drial marker. As shown in Figure 3f, it was confirmed that pure
ER fractions without mitochondria were collected.

Lipid peroxidation products were assessed by 4-HNE and
DHE staining in lung sections. Peroxidation was induced by
OVA/LPS treatment and reduced by IC87114 treatment
(Figure 3a and Supplementary Figure 8a). An increase in
protein oxidation was also detected in OVA/LPS-treated mice
that was reduced in a time-dependent manner by 1C87114
(Figure 3b and Supplementary Figure 8b). As the accumulation
of oxidized proteins in the ER lumen generates ROS that leads
to oxidative damage, lipid peroxidation pattern analysis was
performed in the ER fraction. The levels of 4-HNE and
malondialdehyde in the ER fraction were reduced by
IC87114 treatment (Figure 3c). Moreover, the intra-ER hydro-
gen peroxide levels were also increased in OVA/LPS-sensitized/
OVA-challenged mice and reduced by IC87114 (Figure 3d and
Supplementary Figure 8c). The ER balance of GSH and GSSG
is another parameter that reflects the ER protein oxidation
status.’® The GSH/GSSG ratio was reduced in OVA/LPS-
treated mice and normalized by IC87114 treatment
(Figure 3e). Taken together, these results indicate that PI36K
hyperactivity is involved in the overloaded ER protein status
and ROS accumulation of neutrophil-dominant asthma.

IC87114 controls oxidative folding status through PDI and
NOX4 in the ER
To examine the mechanisms of ER-associated ROS generation,
we first measured PDI carbonylation. Oxidative stress results in
the modification of protein side chains to carbonyl derivatives
(aldehydes and ketones).*® Carbonylation of PDI was enhanced
in OVA/LPS-induced asthma and significantly reversed by
IC87114 treatment (Figure 4a). Under ER stress conditions,
protein folding is compromised and multiprotein associations
persist, resulting in the accumulation of high-molecular-weight
complexes.?® The persistence of high-molecular-weight com-
plexes may eventually lead to the formation of insoluble
multiprotein complexes that further perturb ER function and
predispose cells to apoptosis. Consistent with substantial
PI3dK-dependent ER stress, mice with OVA/LPS-induced
asthma exhibited increased formation of high-molecular-
weight complexes that was prevented by I1C87114
(Figures 4b, ¢ and Supplementary Figure 8d). To confirm the
PDI redox status, lung lysate samples were exposed to various
concentrations of the reducing agent DTT or control washout
after treatment with the oxidative agent diamide (Figure 4d and
Supplementary Figure 9). The oxidized form of PDI was readily
changed to the reduced form of PDI under DTT or control
washout conditions with normal saline, but was relatively
persistent under OVA/LPS-induced asthma conditions. The
persistently oxidized form of PDI was reversed by IC87114
treatment under both DTT treatment or washout conditions.
ER-localized NOX4 physically interacts with PDI under
intra-ER ROS accumulation.?” Moreover, NOX4 expression is
increased in primary basal epithelial cells in asthma.!! We thus
speculated that NOX4 may be involved in ER stress. Indeed,
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both the NOX4 mRNA and protein expression levels were
increased in OVA/LPS-induced asthma and reversed by
IC87114 treatment (Figures 4e and f). Collectively, our findings
indicate that the OVA/LPS sensitizing/challenging process
induces ER redox disturbances involving PDI-Erola redox
imbalance and NOX4 overexpression.

IC87114 regulates RIG-I signaling by controlling RIDD
activity of IREla

The three representative ~UPR  signaling pathways,
IRE1a/XBP-1, PERK/elF2a and ATF6, were highly activated
by OVA/LPS (Figure le and Supplementary Figures 1C, D);
these signaling responses were time-dependently suppressed by
IC87114 treatment (Supplementary Figure 10). Specifically,
sXBP-1 mRNA was downregulated by IC87114 compared with
vehicle (Figure 5a and Supplementary Figure 11). Furthermore,
the expression levels of the known IRE1o—RIDD target genes
Hgsnat, Blosl, Scara3, Pdqfrb, Pmp2 and Col6 were decreased in
OVA/LPS-induced asthma and recovered with IC87114 admin-
istration (Figure 5b). RIG-I is a pattern recognition receptor
that senses virus-derived RNA and self mRNA fragments, and
IRE1a—RIDD exerts a variety of immune responses activated by
binding to Mitochondrial antiviral-signaling protein (MAVS).!*
To evaluate whether RIG-I signaling is activated by RIDD in
OVA/LPS-induced asthma, we analyzed the expression levels of
RIG-I using quantitative real-time PCR and immunoblotting.
The expression levels of RIG-I mRNA and protein were
increased by OVA/LPS and were significantly regulated by
1C87114 (Figures 5¢ and d). Next, we performed immunopre-
cipitation assays in lung tissues to identify the association
between RIG-1 and MAVS. Complex formation between RIG-I
and MAVS was clearly increased under OVA/LPS-treated
conditions compared with the SAL condition that was sig-
nificantly dissociated by IC87114 treatment.

Thus, RIG-I signaling activated by RIDD of IREla can also
be regulated by I1C87114. Moreover, the three upstream
bronchial epithelial cytokines IL-33, thymic stromal lympho-
poietin and IL-25 that were previously found to be increased in
a viral-induced asthma exacerbation model through RIG-I
pathway activation®® were also elevated by the RIG-I pathway
in the OVA/LPS asthma model (Figure 5e). This was also
reversed by IC87114. These results suggest that RIG-I signaling
through IREla may be involved in the exacerbation of asthma.
Furthermore, this process is dependent on PI36K hyperactiva-
tion and is reversible by IC87114 treatment.

DISCUSSION

In this report, we present our initial preclinical findings on the
development of aerosolized PI3K$ inhibitors for the treatment
of asthma. The major findings observed in this study are as
follows. (1) A high ER protein folding requirement due to
elevated PI3K—-mTORC signaling and inflammation leads to ER
stress and NF-kB-mediated stress responses, including proin-
flammatory cytokine expression, whereas a PI3KS inhibitor
controls lung inflammation as well as the intra-ER accumula-
tion of misfolded proteins and ROS. (2) The IRE-1a—-RIDD-
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Figure 4 1C87114 attenuates the disturbances in protein disulfide isomerase (PDI) folding status and NOX4 expression. (a) Carbonylated
proteins in the immunoprecipitates from an anti-PDI antibody on nonreducing gels. (b) High-molecular-weight complex formation was
analyzed with an anti-PDI antibody. (c) Reduced and oxidized forms of PDI were analyzed as described in the Materials and methods.
Endoplasmic reticulum (ER) lysates treated with 10 mm dithiothreitol (DTT) and 5 mm diamide for 15 min were used as standards for the
reduced and oxidized forms of PDI, respectively. (d) Lung lysates were treated with or without 1 mm diamide for 15 min, and then after
washout during the indicated time period, the reduced and oxidized forms of PDI were analyzed via immunoblotting. The mRNA (e) and
protein expression levels of NOX4 (f) in lung tissues obtained from ovalbumin/lipopolysaccharide (OVA/LPS), saline (SAL) and OVA/LPS-
treated mice administered 1 mgkg=! 1C87114 and vehicle (0.05% dimethyl sulfoxide (DMSO) with saline). The lines with SAL and OVA/
LPS represent two samples of the same condition. In (e) and (f), values are presented as the mean (+s.e.m.) fold changes relative to the
control (SAL) group (n=6 animals per experimental group). Mice challenged with saline (SAL) were used as the control group. ¥P<0.05
versus SAL; *P<0.05 versus vehicle.

RIG-I axis was also regulated concomitantly with inhibition of This study utilized an established model of PI3K-induced
downstream NF-kB signaling by administration of a PI3K8 asthma. The downstream mTORCl (mammalian target of
inhibitor. In addition to these mechanistic studies, we assessed rapamycin complex 1) activity and protein synthesis status
the pharmacokinetics and bronchopulmonary disposition of were shown to be regulated through PI3Kd by a specific
the prototype PI3KS inhibitor IC87114. inhibitor, which also controlled the central inflammatory
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Figure 5 1C87114 reduces IRE-la-dependent decay (RIDD) activity of inositol-requiring enzyme-la (IRE1) and associated retinoic-acid
inducible gene 1 (RIG-I) signaling in ovalbumin/lipopolysaccharide (OVA/LPS)-induced asthma. (a) Quantitative real-time PCR (qRT-PCR)
analysis of Xbp-1 at the indicated times in lung tissues from OVA/LPS, saline (SAL) and OVA/LPS-treated mice administered 1 mgkg~!
IC87114. The mRNA levels of the known IRE1 RIDD target genes Hgsnat, Blosl, Scara3, Pdqfrb, Pmp2 and Col6 (b), and RIG-I (c) were
assessed by qRT-PCR. (d) Immunoblotting with antibodies against MAVS or RIG-I and immunoprecipitation (IP) were performed in lung
lysates. (e) The mRNA levels of bronchial epithelium cytokines interleukin (IL)-25, IL-33 and thymic stromal lymphopoietin (TSLP) were
assessed by qRT-PCR. In (b), (c) and (e), values are presented as the mean (+s.e.m.) fold changes relative to the control (SAL) group
(n=6 animals per experimental group). uXbp-1, unspliced forms of Xbp-1I mRNA; sXbp-1, spliced forms of Xbp-I mRNA. Mice challenged
with saline (SAL) were used as the control group. #P<0.05 versus SAL; *P<0.05 versus vehicle.

transcription factor NF-gB (Figures 2d, e). In the asthma
condition, cell hyper-metabolism finally led to an excessive ER
protein folding load, stimulating the UPR (Figure le). In this
study, oxidative folding stress is discussed in the context of: (1)
direct intra-ER hyperoxidation with a PDI-associated oxidizing
protein status, (2) NOX4 involvement in intra-ER hyperoxida-
tion and (3) a decreased ratio of reduced to oxidized GSH and
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the ensuing compromised ER thiol oxidative power. All three
abnormalities were significantly reversed in a time-dependent
manner by IC87114 treatment (Figures 3 and 4). Under excess
protein folding conditions, the routine process of oxidation
cannot be maintained. Considering that an oxidizing ER leads
to a misfolding environment,*® our data suggest that PI3Kd
governs the flow of oxidizing equivalents to the ER thiol pool,



allowing the cell to maintain ER redox conditions favorable for
native disulfide formation. A single ER protein, PDI, catalyzes
both the formation of disulfide bonds and disulfide exchange
activities.*> Nox4 was shown to physically interact with PDI,*°
and the downstream role of ROS generated by PDI-NOX
could be related to ER-mediated phagocytosis*! and protein
folding in the macrophage ER to affect antigen processing.*?
ER stress-induced UPR signaling is associated with the
production of many proinflammatory molecules.*> All three
main branches of the UPR have been shown to mediate ‘cell
autonomous’ proinflammatory transcriptional programs that
are mainly governed by transcription factors, such as NF-k
B.#%> Four NF-kB-associated inflammatory cytokines, IL-4,
IL-5, IL-13 and IL-17, were highly upregulated in murine
asthmatic lung tissue. Analysis of BALF further indicated that
the present asthma model was characterized by sustained
inflammation involving protein exudation, cell necrosis,
recruitment of cells and cytokines (Figure 1b and
Supplementary Figure 5a). These inflammatory cytokines are
involved in the overproduction and overexpression of mucus
proteins and genes in the airway epithelium.*® For example, T
helper type 2 cytokines, such as IL-4, have been shown to
regulate mucin gene expression.*” We observed hyperplasia and
hypertrophy of airway goblet cells as well as peribronchial
accumulation of inflammatory cells in mice following OVA/
LPS treatment, responses that are clearly reduced by 1C87114
(Figures 1f and 2f) Thus, the PI3K-associated high protein
folding load and inflammatory status, leading to a hyperox-
idative intra-ER environment and increased ER stress, can be
controlled by PI3K inhibition.

Among ER stress proteins, IRE1 was induced by inflamma-
tory signaling through a pathway that includes RIDD and the
antiviral RNA helicase RIG-L.!%!> The RIG-I-like receptor
double-stranded RNA helicase enzyme (RIG-I), a type of
pattern recognition receptor, preferentially binds to short
double-stranded RNAs and a 5'ceptor double-stranded RNA
helicase to form large multimeric protein complexes with
MAVS.*8 These oligomeric complexes rapidly activate potent
inflammatory responses through activation of NF-xB. The
RIDD reaction produces single-strand mRNA fragments that
activate RIG-I to cause a cell-autologous inflammatory
response via the NF-kB and IFN pathways. In our model,
the mRNA levels of IRE-1 RIDD substrates, including Hgsnat,
Blosl, Scara3, Pdqfrb, Pmp2 and Col6, were reduced
(Figure 5b). In contrast, RIG-I as well as the three cytokines
were robustly induced at the asthma exacerbation stage
(Figures 5c—e), and these changes were controlled by
IC87114. In addition to the PI3K-associated classical signaling
pathway, mTORCI and related protein hyperloading status, as
well as RIG-I signaling activation by RIDD of IREla, were also
suggested to promote the release of proinflammatory cytokines
from lung epithelial cells.

In conclusion, sensitization and challenge with OVA/LPS
resulted in the development of airway inflammation and
remodeling, the severity of which was significantly reduced
by the PI3KS inhibitor IC87114. More critically, the ER
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oxidative folding capacity was insufficient to maintain proper
protein synthesis under this high immune activity, resulting in
an abnormal PDI status, ER stress, exacerbation of inflamma-
tion, mucus hypersecretion and airway remodeling, all of
which could be controlled by PI3KS inhibition. Moreover,
IRE10—RIDD-RIG1, another NF-kB-inflammation axis, was
also controlled by IC87114. Thus, our data indicate that
IC87114 may be an effective therapeutic agent for the treat-
ment of severe asthma.
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