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Abstract

The respiratory epithelium forms the first line of defense against inhaled pathogens, and acts

as an important source of innate cytokine responses to environmental insults. One critical
mediator of these responses is the IL-1 family cytokine, IL-33, which is rapidly secreted

upon acute epithelial injury as an alarmin and induces type 2 immune responses. Our recent
work highlighted the importance of the NADPH oxidase dual oxidase 1 (DUOX1) in acute
airway epithelial 1L-33 secretion by various airborne allergens, associated with H,O, production
and redox-dependent activation of Src kinases and epidermal growth factor receptor (EGFR)
signaling. Here, we show that IL-33 secretion in response to acute airway challenge with house
dust mite (HDM) allergen critically depends on the activation of Src by a DUOX1-dependent
oxidative mechanism. Intriguingly, HDM-induced epithelial IL-33 secretion was dramatically
attenuated by siRNA- or antibody-based approaches to block IL-33 signaling through its receptor
ILIRL1(ST2), indicating that HDM-induced IL-33 secretion includes a positive feed-forward
mechanism involving ST2-dependent IL-33 signaling. Moreover, activation of type 2 cytokine
responses by direct airway IL-33 administration was associated with ST2-dependent activation
of DUOX1-mediated H,O, production and redox-based activation of Src and EGFR, and was
attenuated in DuoxI™'~ and Src*/~ mice, indicating that IL-33-induced epithelial signaling and
subsequent airway responses involve DUOX1/Src-dependent pathways. Collectively, our findings
suggest an intricate relationship between DUOX1, Src and IL-33 signaling in the activation of
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innate type 2 immune responses to allergens, involving DUOX1-dependent epithelial Src/EGFR
activation in initial 1L-33 secretion and in subsequent I1L-33 signaling through ST2 activation.
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Introduction

The airway epithelium plays an essential role in respiratory function as a first-line defense
against inhaled pathogens (1, 2). Additionally, the respiratory epithelium plays a crucial

role in signaling processes and mediator production to aid in tissue regenerative processes
following injury (2, 3). Among the key initial features of these innate epithelial responses

is the rapid production of IL-1 family cytokines, particularly the alarmin cytokine IL-33 (4)
which critically contributes to the activation of type 2 immune responses that are important
for tissue regeneration due to e.g. parasitic infections or other forms of injury (5, 6) but have
also been strongly associated with development of allergic diseases such as asthma (7, 8).

IL-33 is a member of the IL-1 cytokine family that is constitutively expressed in epithelial
cells in barrier tissues as a chromatin-bound nuclear factor, and additionally functions

as an extracellular cytokine (4, 9-11) as the only known ligand for the heterodimeric
ILIRL1 (ST2) receptor expressed on many effector cells (12). Following damage to the
epithelium, IL-33 can be released either passively due to epithelial necrosis or actively
through secretion pathways that are incompletely understood (13). Released 1L-33 then
binds the ST2 receptor on various target cells, forming an intracellular signaling complex
(involving e.g. MyD88 and TRAF6), inducing type 2 immune responses and other various
inflammatory processes (14, 15). Activation of IL-33 cytokine function also involves its
proteolytic processing to a more potent, truncated 18 kD form (16), by exogenous proteases
released from inflammatory cells or proteases associated with various allergens (17, 18).
Extracellular I1L-33 activity can also be regulated by its binding to a soluble truncated form
of ST2 that acts as a decoy receptor for IL-33 (19), or through cysteine oxidation within
IL-33 to an intracellular disulfide which reduces its cytokine function (20). We and others
have recently shown that IL-33 secretion from the respiratory epithelium in response to
various airborne allergens is mediated by an active signaling mechanism initiated by early
damage signals such as ATP, activation of Ca2*-dependent signaling, and H,0, production
by the NADPH oxidase family member dual oxidase 1 (DUOX1), which subsequently
results in redox-dependent activation of cell signaling pathways, including epidermal growth
factor receptor (EGFR) signaling (21-23). Activation of EGFR signaling is well-known

to contribute to reparative and secretory processes within the airway epithelium (24, 25),
and has also been implicated in allergic asthma (26). Recent studies have shown that redox-
dependent regulation of EGFR involves increased kinase activity and autophosphorylation
due to oxidation of a cysteine in its ATP-binding region to a sulfenic acid (27, 28). However,
DUOX1-mediated redox regulation of EGFR appears to occur largely at the level of EGFR
transactivation by initial activation of G-protein coupled receptors such as P2YR2 and
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intermediate non-receptor kinases such as the Src kinase, a proto-oncogene involved in
wound repair and cancer (25, 29). Indeed, we recently observed that DUOX1 also mediates
allergen-induced activation of Src within the airway epithelium (21), but the importance of
Src in allergen-induced IL-33 secretion or related responses has not yet been established.

Src is an extensively studied non-receptor tyrosine kinase that is involved in many critical
cellular processes, such as cell migration, proliferation, and survival (30, 31). As a non-
receptor kinase, Src activity is regulated by allosteric mechanisms and conformational
changes resulting in the “unclamping” and activation of its tyrosine kinase domain, which
is further enhanced by autophosphorylation at Tyr 416 within the kinase activation loop
(32-35). Emerging findings also suggest that Src function is regulated by oxidation of one
or more of its cysteines (36), and our recent studies have shown that Src activity can be
enhanced by direct oxidation of two of its cysteines, Cys185 in its SH2 domain and Cys277
near the ATP-binding region of the kinase domain (37). The relevance for these oxidative
events for allergen-induced IL-33 secretion and activation of type 2 immune responses is,
however, still unclear.

The present studies were designed to specifically address the importance of DUOX1-
dependent Src activation in acute 1L-33 secretion and activation of downstream type 2
responses induced by the asthma-relevant allergen, house dust mite (HDM). In the process
of these studies, we uncovered an unanticipated autoamplification mechanism in which
IL-33 appears to promote its own secretion by activating ST2-dependent signaling within
the epithelium. Following this, we now demonstrate that DUOX1-dependent oxidative Src
activation represents an important component of I1L-33-dependent signaling and activation of
type 2 cytokine responses.

Materials and Methods

Reagents

All reagents, unless otherwise noted, were purchased from Thermo Fisher Scientific
(Waltham, MA) or Sigma-Aldrich (St. Louis, MO) at the appropriate quality grade available
and/or at grades appropriate for cell culture/in vivo use, depending on the application.

Mouse strains and experiments

C57BL/6J mice aged 8-12 weeks were purchased from Charles River Laboratories
(Wilmington, MA) and were allowed to acclimate for at least 1 week prior to
experimentation. Src-deficient mice (B6;129S7-Src?™150/13) were obtained from Jackson
Laboratories (Bar Harbor, ME), and were bred to obtain Src*/~ mice and littermate Src*/*
WT controls (38). Animal genotypes were confirmed via supplier’s genotyping protocols
using a universal reverse primer (GAG TTG AAG CCT CCG AAG AG) and the forward
primers (TCC TAA GGT GCC AGC AAT TC) for WT and (CGC TTC CTCGTG CTT
TAC GGT AT) for KO. DuoxI™'~ mice were originally provided by Miklés Geiszt (39) and
were backcrossed onto C57BL/6NJ background (Jackson Laboratories, Bar Harbor, Maine),
for at least 5 generations.
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Mice were anaesthetized with isoflurane briefly before all instillation procedures. Src
Inhibitor AZD0530 (Saracatinib; APEXBIO, 677 ng/kg in saline prepared from a stock
solution in DMSO) and a-ST2/1gG (R&D Systems, 20 pg/mouse) were instilled intranasally
(50 uL/mouse) 1-2h prior to allergen challenge. House dust mite extract (Dermatophagoides
pteronyssinus, HDM, 50 pg/mouse in PBS, Lot #269206, Greer Laboratories) or
recombinant mouse IL-33 (BioLegend, 1.0 pg/mouse in PBS) were instilled oropharyngeally
in a volume of 50 pL/mouse either once or on 4 consecutive days prior to sacrifice and
harvest. Following sacrifice, bronchoalveolar lavage fluid (BALF, collected by 500 uL
injection of PBS three times) and lung tissues were collected for analysis. Both male and
female mice were used in experiments as evenly as possible. All procedures were reviewed
and approved by the University of Vermont Institutional Animal Care and Use Committee
prior to experiments (protocol #: PROT0202000078).

Cell culture and treatments

Primary mouse tracheal epithelial cells (MTEC) were isolated from WT or Duox1™'~
C57BL/6NJ mice, and grown as previously described (40), NCI-H292 human pulmonary
mucoepidermoid cells were purchased from ATCC (Manassas, VVA) and were grown on
plastic in RPMI-1640 (Gibco) supplemented with 10% fetal bovine serum and 1% Pen/
Strep (Gibco). Upon reaching confluence, plated cells were starved (serum-free medium
for H292, or medium without EGF for MTEC) overnight prior to experimentation. Media
was refreshed 2h prior to treatment, and cells were pretreated for 30 min with inhibitors

(1 uM AZD0530, 1 uM AG1478) or mouse a-ST2 blocking mAb/IgG (2 pg/mL; R&D
Systems). Cells were then treated with HDM (50 pg/mL, Lot #213051), A. alternata
extract (ALT, Greer Laboratories, 50 ug/mL), ATP (Sigma, 100 pM), or with human/
mouse recombinant IL-33 (Peprotech/BioLegend, respectively, 100 ng/mL) and media was
collected at appropriate times for analysis of cytokines/growth factors or ATP release.
Control studies showed that neither HDM, AZD0530, or AG1478 caused significant loss of
viability at the doses used, assessed using CellTiter-Glo Viability Assay (Promega, Madison,
WI1). Following treatments, cells were lysed utilizing Western Solubilization Buffer (WSB,
50 mM HEPES, 250 mM NacCl, 1.5 mM MgCl,, 1% Triton-X100, 10% glycerol, 1 mM
EDTA, 1 mM phenylmethylsulfonyl fluoride, 2 mM NazVOy, 10 mg/ml aprotinin, and

10 mg/ml leupeptin (pH 7.4)) or GeneJet RNA extraction kit lysis buffer (Invitrogen)
supplemented with 2% p-mercaptoethanol, for analysis of protein or RNA, respectively.

siRNA silencing

Silencing of gene expression in H292 cells or MTEC was carried out when cells were
60-70% confluent using targeted siRNAs and the DharmaFECT reagent (Dharmacon),
according to manufacturer protocol. Briefly, cells were treated with SiRNA mixed with
Dharmafect reagent and serum-free media at a concentration of 100 nM 72h prior

to experimentation. After 24h, media was removed and replaced with full growth

media for 24h, followed by starvation media 24h prior to treatment. Specific RNA

used were On-Target Plus Smartpool NS siRNA, targeting either human or mouse

Src, or mouse //1r/1 (ST2), (Dharmacon). DUOX1 was silenced using siRNA reagents
(GCUAUGCAGAUGGCGUGUALt; antisense, UACACGCCAUCUGCAUAGCtg; sense)
and control siRNA (Invitrogen) as previously described (41).
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ELISA analyses

BALF harvested from mice or cell supernatants were analyzed for IL-33, IL-5, IL-13, and
amphiregulin (Areg) using DuoSet ELISA kits (R&D systems) according to manufacturer
protocol and were read on a BioTek Synergy HT plate reader.

H-0O- detection assay

Production of extracellular H,O, from H292 cells was analyzed using peroxidase-catalyzed
tyrosine crosslinking, as previously described (42). Reaction mixtures were analyzed by
high performance liquid chromatography and fluorescence detection of dityrosine and
compared to exogenous standards generated using H,O5.

Analysis of protein sulfenylation

Protein sulfenylation was measured as previously described (29, 43). Briefly, following
10-min stimulation of either H292 cells or MTEC, cells were lysed in WSB containing 1
mM DCP-Bio 1, 200 U/mL Catalase, and 10 mM N-ethylmaleimide for 1h on ice. Equal
amounts of protein (~100-500 pg), measured by BCA assay, were then loaded on to Amicon
Ultra-0.5 filtration units and washed with 6 changes of 20 mM Tris-HCI. Washed proteins
were then added to prewashed NeutrAvidin beads (Pierce) and rotated overnight at 4°C.
Following multiple washes, Biotin-tagged proteins were eluted from the beads with a 50
mM Tris, 2% SDS, 1 mM EDTA buffer pH 7.4 and boiling for 10 min, followed by mixing
the supernatant solution with 6x Laemmli buffer for analysis by SDS-PAGE and western
blot.

Western blotting

RT-PCR

Cell culture lysates were analyzed with BCA Assay (Pierce) and mixed with Laemmli
sample buffer and briefly boiled. Equal amounts of protein from each sample were separated
using Criterion 10% SDS-PAGE (Bio-Rad), and transferred to nitrocellulose membranes.
Membranes were then blocked with either 5% BSA or non-fat milk and probed with
antibodies against pY1068 EGFR (1:1000, 3777S), pY845 EGFR (1:1000, 2231S), EGFR
(1:1000, 2646S), p-Src Tyr 416 (1:1000; 2101S), Src (L4AL; 1:1000; 2110S) (Cell Signaling
Technologies) and p-Actin (1:5000, A5441, Sigma), in manufacturer recommended diluent
and supplemented with 0.05% Sodium Azide overnight at 4°C. Membranes were then
probed with horseradish peroxidase (HRP)- conjugated secondary antibodies and detected
using Pico or Femto chemiluminescence substrates (Fisher and GeneTex, respectively) and
an Al600 Chemiluminescent Imager (GE Lifesciences).

Tissue RNA was isolated from mouse inferior lobes as previously described (22). RNA
from cultured cells was isolated using GeneJet RNA extraction kit lysis buffer (Invitrogen)
supplemented with 2% p-mercaptoethanol. RNA from both tissues and cultured cells was
then purified using GeneJet RNA purification Kits (Invitrogen) according to manufacturer
protocol. cDNA was synthesized using the iScript cDNA synthesis kit (Bio-Rad) and/or
applied biosystems High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems)
according to manufacturer protocol. Quantitative RT-PCR was performed using Sybr Green
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PCR supermix (Bio-Rad) 0.5 pL cDNA and 0.5 pM primer mix as previously described (23).
Primer sets used included: Src (F: GAC CGA GCT CAC CAC TAAGG, R: CTG TGG CTC
AGC GAA CGT AA), //133(F: GAT GGG AAG AAG GTG ATG GGT G, R: TTG TGA
AGG ACG AAG AAG GC), /13 (F: CCACGG CCCCTT CTAATG A, R: GCC TCT
CCC CAG CAA AGT CT), //5(F: ATG GAG ATT CCC ATG AGC AC, R: CCC ACG GAC
AGT TTG ATT CT), Areg (F: AAC GGT GTG GAG AAA AAT CC,R: TTG TCC TCA
GCT AGG CAA TG), Duox1 (F: GAC CCC AGT ATC TCC CCA GA, R: ATG ACT GGG
AAT CCC CTG GA), //1rl1 (ST2) (F: GTG ACA CCT TAC AAA ACC CG, R: TCA AGA
ACG TCG GGC AGA G), Mucbac (F: AGT CTC TCT CCG CTC CTC TCA AT, R: CAG
CCG AGA GGA GGG TTT GAT CT).

Immunohistochemistry

Immunohistochemistry analyses were performed as previously described (22). Tissue

slides were quenched of endogenous peroxidase activity with 3% H,0, and incubated

with antibodies against Src pY416 (Millipore pSrc Tyr 418 07-909, 1:600) and

EGFR pY1068 (CST 3777S, 1:125) overnight. Finally, samples were conjugated with
biotinylated secondary antibodies and streptavidin-HRP (strep-HRP) using the Vectastain
ABC kit (Vector Laboratories) according to the manufacturer’s protocol. Antibodies were
visualized by reacting strep-HRP with 3,3’-diaminobenzidine and monitored until color was
sufficiently developed for analysis. Control stainings were performed by omitting primary
antibodies or by using isotype 1gG1 controls to assure staining specificity. Quantification of
positive staining was calculated as a percentage against total counterstained airway using
MetaMorph imaging software (Molecular Devices).

Analysis of lung single-cell suspensions

Mouse lungs were dissociated into single-cell suspensions using enzymatic digestion
(Miltenyi Biotec Lung dissociation Kit 130-095-927) and a GentleMACS Dissociator
(Miltenyi Biotec Inc.) following the manufacturer’s protocol. Hematopoietic cell types
were isolated with CD45 Microbeads (Miltenyi Biotec, mouse CD45 Microbeads, #130-
052-301) using LS Columns (Miltenyi Biotec, #130-042-401) and QuadroMACS Separator
(Miltenyi Biotec), according to manufacturer’s recommendations, and CD326(EpCAM)-
positive (epithelial) cells were enriched from the CD45™ fraction using Miltenyi Biotec
CD326 EpCAM Microbeads (#130-105-958). CD457/CD326%, CD457/CD326~ and CD45*
cell fractions were pooled from 2 mice for RNA extraction using QIAGEN RNeasy Micro
kit and RT-PCR analysis.

For analysis by flow cytometry, 108 cells per sample were incubated in Live/Dead Fix

Blue (ThermoFisher # L23105) for 20 min at 4°C and then washed with BioLegend Cell
Staining Buffer (BioLegend #420201). Cells were incubated with BioLegend TrueStain
FcX anti-mouse CD16/32 block (BioLegend 1#01320) for 10 min at room temperature and
appropriate antibodies were added for 30 min at 4°C (CD45 conjugated to Alexa Fluor 700,
BioLegend #103128; CD326 conjugated to Brilliant Violet 510, BioLegend #118231; and
ST2 conjugated to PE, ThermoFisher #12-9335-82). Cells were then washed twice with
BioLegend Cell Staining Buffer and analyzed on BD LSRII flow cytometer and FlowJo
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v10.7 software. Cells of interest were gated on single live cells that were CD45™ and
CD326*,

Measurement of airway hyperresponsiveness

Following 4-day 1L-33 challenge, mice were anesthetized on day 5 and their tracheas
were cannulated. Following paralysis with pancuronium bromide (0.8 pg/kg), mice were
connected to a flexiVent ventilator apparatus (SIREQ) and exposed to aerosolized PBS or
increasing doses of methacholine (12.5, 25, and 50 mg/mL) after stabilizing. Newtonian
resistance (Rp,), tissue damping (G), and tissue elastance (H) we measured by forced
oscillation analysis using a constant phase model of impedance (44, 45).

BALF cytology—BALF were briefly centrifuged at 150 x g and the supernatant was
collected for analysis. Pelleted cells were resuspended in PBS and cells were counted
using a hemocytometer prior to loading into an EZ Cytofunnel (Thermo Scientific) and
centrifuged at 600 RPM for 10 minutes. Slides were fixed and stained using the Hema 3 kit
(Thermo Scientific) and cell differentials were counted based on at least 200 cells per slide.

Statistical Analyses

Results

All data are represented as means and SEMs. Statistical significance was evaluated using
2-way ANOVA, unless otherwise noted, through the GraphPad Prism Software (Mersion 7.0,
GraphPad Software, La Jolla, CA). All values were considered significant if P<0.05.

Src mediates airway epithelial IL-33 secretion in response to acute airway HDM challenge

We previously demonstrated that acute challenge of the airway epithelium with allergens
results in secretion of 1L-33, which was associated with redox-dependent activation of Src
and EGFR (21, 22). To address the role of Src in such acute airway epithelial responses,
mice were pretreated with the Src family kinase (SFK) inhibitor AZD0530 (Saracatinib)
(46), prior to acute airway challenge with HDM, after which BAL fluids and lung tissues
were harvested (Fig. 1A, left). Consistent with previous findings (25, 29), IHC analysis
showed increased Src and EGFR activation following HDM administration at 1 and 6h,
which was in both cases diminished with AZD0530 treatment (Fig. 1B and Fig. S1A,B).
This suggests that EGFR activation was mediated by Src-mediated transactivation (25),
since AZDO0530 is a relatively weak direct inhibitor of EGFR (47). As expected (21), HDM
challenge caused significant I1L-33 secretion into the BALF after 1h, which returned to
baseline levels at 6h. HDM-induced 1L-33 secretion was significantly attenuated following
SFK inhibition, suggesting that Src activity is involved in 1L-33 secretion following HDM
exposure (Fig. 1C). HDM challenge also induced airway secretion of IL-13 and IL-5 at

6h, consistent with their induction by IL-33 secretion and signaling, and these responses
were also inhibited following SFK inhibition by AZD0530 (Fig. 1C). Finally, we observed
corresponding increases in mMRNA expression of these cytokines, which were similarly
suppressed following AZD0530 treatment, indicating that Src also regulates transcriptional
regulation of //33, as well as //5and //13, after HDM challenge (Fig. S1C).
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While clinically relevant, AZD0530 does not discriminate among the different SFK
members (47) and therefore does not provide insight into the relative contribution of
different SFKs (e.g. Fyn, Yes, etc.). To address this concern, we utilized heterozygous Src
knockout mice in similar HDM challenge studies (Fig. 1A, right). We observed a trend
(p=0.066) towards decreased HDM-induced IL-33 secretion into the BALF of Src*/~ mice
compared to WT mice at 1h, and significant suppression of IL-13 and IL-5 secretion at

6h (Fig. 1D). In summary, these findings demonstrate that HDM-induced secretion and
expression of 1L-33, and IL-33-induced type 2 cytokines, are dependent on Src activation
and signaling.

To assess the specific impact of Src in epithelial responses, we performed similar analyses
of in vitro HDM-stimulated MTEC, after siRNA silencing of endogenous Srcexpression
(Fig. S1D). We treated MTEC with HDM for 1 or 6 hrs and analyzed cytokines secreted into
the media. Consistent with our in vivo studies, we observed increased IL-33 secretion at 1h
which returned to baseline at 6h (Fig. 1E). Consistent with previous studies indicating the
ability of lung epithelial cells to generate type 2 cytokines upon appropriate stimulation (48—
50), MTEC were also capable of producing IL-5 and IL-13 upon HDM challenge, which
were increased at 6h likely due to their induction by initially secreted I1L-33. In both cases,
these responses were significantly diminished after Srcsilencing (Fig. 1E). Interestingly,

we did not see any significant change to //33gene expression in these cells in response to
HDM treatment (Fig. S1E). Overall, these findings demonstrate that Src is involved in 1L-33
secretion from epithelial cells following HDM challenge.

Oxidation of Src C185 and C277 are involved in Src-dependent IL-33 secretion

We previously showed that HDM-induced epithelial 1L-33 secretion is dependent on initial
production of H,O, by the NADPH oxidase DUOX1 and redox-dependent activation of Src
and EGFR (21). Extending these previous findings, we found that oxidation and activation
of Src and EGFR in response to HDM treatment were markedly attenuated after SiRNA-
dependent silencing of Src (Fig. S1D), indicating that HDM-induced EGFR oxidation and
activation were dependent on Src-mediated transactivation. We recently reported that H,0,
can directly enhance Src activation by oxidizing Cys185 and Cys277 within the Src protein
(37). To address the importance of Src C185 or C277 residues in HDM-mediated secretion
of 1L-33, we transfected H292 cells with FLAG-tagged WT Src as well as C185A and
C277A mutant constructs. HDM-induced 1L-33 secretion was increased after transfection
with WT Src, compared to empty vector control, but cells transfected with either C185A
or C277A mutants displayed lower HDM-induced IL-33 secretion compared to cells
transfected with WT Src cells or empty vector (Fig. 1G). These findings are consistent
with the proposed importance of these Cys residues in Src activation and also suggest

that oxidant-resistant Src may act in a dominant-negative fashion, since Src activation may
involve the formation of Src dimers (51). Overall, these results indicate that HDM-induced
IL-33 secretion involves redox-dependent activation of Src and is dependent on two critical
Cys residues within Src that influence oxidant-mediated kinase activation.
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HDM-induced IL-33 secretion involves an autoamplification mechanism involving IL-33

signaling

In an attempt to verify whether HDM-induced production of type 2 cytokines, such

as IL-13 or IL-5, are indeed due to initial 1L-33 secretion and signaling through its
receptor, ILIRL1/ST2, we used an ST2-targeted monoclonal blocking antibody (mAb) to
prevent IL-33 signaling. To our surprise, we observed that ST2 receptor blockade also
markedly suppressed HDM-induced secretion of IL-33 itself into the BALF (Fig. 2A,B).
Follow-up studies of HDM-challenged MTEC treated with the ST2 mAb (Fig. 2C) or with
ST2-targeted siRNA (Fig. 2D and Fig. S2E) showed similar findings, as both approaches
markedly attenuated HDM-induced 1L-33 secretion compared to corresponding controls.
Similar findings were obtained with alternative insults such as A. alternata extract (a
fungal allergen) or exogenous ATP (as a direct mimic of damage response) (Fig. 2E).
Collectively, these findings indicate that IL-33 secretion induced by HDM or other injurious
insults appears to largely depend on a feed-forward mechanism in which initially-released
IL-33 further enhances its own secretion, by signaling through ST2 receptors expressed
on epithelial cells (50, 52). We performed flow cytometry analysis of lung single cell
suspensions to validate the expression of ILLRL1/ST2 on epithelial cells, which indicated
that a fraction of about 6% of CD457/CD326" epithelial cells also displayed positive
IL33R/ST2 staining (Fig. 2F and Fig. S3F), in agreement with earlier studies (52).

Src and EGFR contribute to IL-33-induced type 2 cytokine production

We next sought to explore whether IL-33 signaling can directly activate Src and/or EGFR
within the epithelium and thereby contribute to type 2 cytokine secretion. To this end,

we first challenged WT or Sr¢*/~ mice with recombinant IL-33 (Fig. 3A), and indeed
observed that I1L-33-induced production of both IL-5 and IL-13 within the BALF were
significantly reduced in Src¢™/~ mice compared to WT controls (Fig. 3B). We also observed
significant upregulation of //33, //13, and //5mRNA at 6h following IL-33 challenge, but
this was not significantly attenuated in Src*/~ mice (Fig. S2A). Similarly, siRNA silencing
of Srcin MTEC also significantly attenuated I1L-13 secretion induced by IL-33 (Fig. 3C),
and pharmacological inhibition of either Src (AZD0530) or EGFR (AG1478) similarly
suppressed I1L-33-induced IL-13 secretion in H292 cells (Figs. 3D,E). Consistent with
these findings, we showed that I1L-33 stimulation of either H292 cells or MTEC increased
activation of both Src and EGFR, as measured by Src autophosphorylation at Y416 and
EGFR phosphorylation at Y845 (a Src target) and Y1068 (autophosphorylation) (Fig. S3D
and Fig. 4F).

Src has been implicated in EGFR transactivation, but may also be involved in the activation
of EGFR ligands (25). One such EGFR ligand that is strongly involved in type 2

immune responses is amphiregulin (AREG), which contributes to epithelial regeneration and
remodeling (53). Indeed, we observed rapid Areg mRNA expression and AREG secretion in
response to airway HDM challenge, which was inhibited by the Src inhibitor AZD0530 (Fig.
S2B). Moreover, AREG secretion from MTECs in response to HDM was also Src-dependent
(Fig. S2C). Finally, ST2 blockade indicated that HDM-induced AREG secretion critically
depends on IL-33 signaling (Fig. S2D,E), and AREG was secreted into the BALF of

mice upon in vivo IL-33 treatment in a Src-dependent manner (Fig. S2F). Collectively,
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although Src and EGFR are not typically implicated in canonical 1L-33-dependent signaling
through ST2, our findings demonstrate that activation of Src and EGFR are both important
for epithelial type 2 cytokine production in response to IL-33, and may also involve IL-33-
dependent activation of AREG.

IL-33-induced signaling in airway epithelial cells is DUOX1-dependent

Our findings implicating Src and EGFR in IL-33 signaling prompted us to explore the
potential contribution of DUOX1 to IL-33-induced epithelial responses given our previous
findings demonstrating DUOX1-dependent regulation of Src and EGFR (21, 22). Indeed,
DuoxI™~ mice challenged with 1L-33 displayed diminished IL-5 and 1L-13 secretion

into the BALF compared to WT mice (Fig. 4A and 4B), suggesting that DUOX1 is
involved in downstream cytokine secretion in response to IL-33 signaling, in addition to

its previously reported role in initial secretion by allergen challenge (21). Since HDM
challenge generates additional innate epithelial cytokines such as IL-1a and IL-25 in a
DUOX1-dependent fashion (21), we explored whether direct IL-33 challenge may also
contribute to the production of these additional cytokines. Indeed, we observed that IL-33
challenge resulted in rapid production of IL-1a and more delayed production of 1L-25 into
the BAL, which appeared to be dependent on both Src and DUOX1 (Fig. S2G and Fig.
S3A). To address the cellular origin of IL-33-induced production of IL-5 and IL-13, we
prepared single cell suspensions from lung tissues following acute 1L-33 challenge, and
separated epithelial (EpCAM/CD326%) and hematopoietic (CD45™) cells from other lung
cell types and assessed //5and //23 mRNA expression in these cell fractions. As shown,
IL-33 airway challenge markedly enhanced //5and //Z3mRNA in CD45™ cells, as expected
(4), but also in epithelial (CD326%) cells (Fig. 4C), even though we can’t completely rule out
a contribution of CD45* cells as a potential impurity in this latter cell fraction. Consistent
with our in vivo findings, IL-33-induced production of IL-13 (and to a lesser extent IL-5)
was also suppressed in MTECs from DuoxZ™'~ mice or in H292 cells in which Duox1

was silenced (Fig. 4D and Fig. S3B,C). To demonstrate whether 1L-33 signaling through
ST2 s in fact capable of activating DUOX1, we assessed the ability of IL-33 to stimulate
epithelial H,O, production. Indeed, we observed an increase in extracellular H,O, in H292
cells following IL-33 stimulation, which was attenuated when DuoxI was silenced using
SiRNA (Fig. 4E). Additionally, we examined whether IL-33 induces oxidative activation of
Src and/or EGFR. Indeed, 1L-33-dependent activation of Src and EGFR in either H292 cells
or MTECs (Fig. S3D and Fig. 4F) was in both cases DUOX1-dependent and corresponded
with DUOX1-mediated cysteine oxidation within both Src and EGFR (Fig. 4F and Fig.
S3D).

Repeated IL-33 exposure induces DUOX1- and Src-dependent type 2
inflammation.—Our results so far demonstrate that IL-33 can induce its own secretion
from the airway epithelium and that DUOX1-mediated activation of Src is critical for such
IL-33 autoamplification and activation of EGFR and type 2 cytokine responses. Based on
a recent study demonstrating that development of eosinophilic inflammation and airway
hyperresponsiveness in response to chronic airway challenge with exogenous 1L-33 is
largely dependent on endogenous IL-33 (54), we wondered whether DUOX1 and/or Src
could similarly contribute to such outcomes. Therefore, we exposed DuoxI™'~ or Src*/~
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mice or their corresponding littermate controls to repeated airway IL-33 challenge on 4
consecutive days, after which we assessed type 2 cytokine responses, inflammation, airway
remodeling, and airway hyperresponsiveness by flexiVent analysis (Fig. 5A). Consistent
with our previous findings in the context of acute challenge, we observed significant
increases in BAL IL-33, IL-13, and IL-5 levels in response to chronic IL-33 challenge,
which was in each case markedly attenuated in both Duox1™'~ or Srct'~ mice (Figs. 5B,C).
Similar findings were observed with respect to AREG secretion under these conditions,

as well as production of other type 2 cytokines such as IL-4 and IL-9 (Figs. S4A,B). As
expected, chronic 1L-33 challenge also significantly increased lung tissue mMRNA levels of
1133, Duox1, 115, 1113, and I1r/1, but not Areg (Figs S4C,D), however, neither response
was significantly altered in DuoxI- or Src-deficient mice, suggesting that DUOX1 and Src
primarily affect these cytokine responses at the level of secretion. Intriguingly, repeated
IL-33 challenge resulted in decreased lung tissue Sre mRNA expression (Figs. S4C,D),
which may potentially reflect a negative feedback mechanism in chronic conditions of
IL-33-driven inflammation. Conversely, Src-deficiency appeared to enhance overall IL-33
expression (Fig. S4C), further supporting such an antagonistic relationship.

As expected (54), chronic IL-33 challenge resulted in increased airway inflammation,
illustrated by marked increases in total BALF cell counts, which were largely represented by
increased eosinophils, and to a lesser extent neutrophils and lymphocytes. However, neither
were significantly altered in DuoxZ™~ mice or Src*/~ mice, with the exception of a slight
increase in neutrophils in IL-33 challenged DuoxZ™'~ mice (Figs. 5D,E). Additionally, we
observed an increase in the mucus metaplasia marker Mucbac following 1L-33 challenge,
but this was not altered in Duox2~'~ or Src*/~ mice (Figs. S4C,D). Similarly, repeated

IL-33 challenge enhanced expression of remodeling/fibrosis markers Co/lal and Col3al,
this was similarly not different between the various mouse groups (Figs. S4C,D). Finally,
we observed that chronic IL-33 challenge increased airway hyperresponsiveness (AHR),
indicated by increases in Newtonian resistance, tissue damping, as well as tissue elastance,
in response to increasing methacholine dosage (Figs. 5F,G). Interestingly, all three AHR
parameters were attenuated in DuoxZ™'~ mice (Fig. 5F), consistent with recent findings
indicating that increases in AHR due to exogenous IL-33 challenge largely depend on
endogenously secreted 1L-33 (54). However, no significant decrease was observed in 1L-33-
induced AHR in Src*t/~ mice compared to corresponding WT mice, and instead there was an
apparent increase in Newtonian resistance and tissue elastance (Fig. 5G). Moreover, Srct/~
mice also appeared to display decreased tissue damping and elastance in PBS treatment
groups. Overall, these results suggest that DUOX1 and to a lesser extent Src contribute

to type 2 cytokine responses and associated airway hyperresponsiveness in mice following
repeated 1L-33 challenge.

Type 2 immune signaling and wound responses are critical regenerative processes of
various tissues in response to injury due to e.g. parasitic infections, toxins, etc. (55). The
importance of SFKs in wound healing has been recognized for some time, illustrated by
a critical role for Fyn signaling in tail fin regeneration in zebrafish (56), or previous
findings implicating Src in airway epithelial wound responses (25). Building on this, the
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present findings highlight the specific involvement of Src in the secretion of the alarmin
IL-33 from airway epithelial cells in response to airway challenge with HDM, a common
asthma-inducing allergen, and in subsequent production of type 2 cytokines such as IL-13
and IL-5 by various lung cell types, including the respiratory epithelium itself. Therefore,
epithelial Src may be important for innate host defense against acute non-microbial triggers
and allergen challenge, which largely rely on type 2 immune activation, but could also
contribute to dysregulated type 2 inflammation during e.g. allergen inflammation, similar
to previously demonstrated role(s) of EGFR in the context of chronic allergen challenge
that more closely resembles diseases such as allergic asthma (22, 26). Indeed, Src has been
implicated in various aspects of asthma (57, 58), based on its involvement in e.g. smooth
muscle proliferation (59) or TNF-a-induced disruption of epithelial barrier integrity (60).
Our present findings implicating Src in chronic type 2 inflammation may further justify
selective Src targeting approaches as a potential therapeutic strategy for allergic airways
diseases associated with increased type 2 inflammation.

Our findings also further highlight the importance of redox-based regulation of Src in

the context of I1L-33-mediated type 2 inflammation. Consistent with our previous findings
implicating the importance of specific cysteines within Src in regulating its activity (37),
we show that allergen-induced IL-33 secretion is dependent on the oxidation of specific
Cys residues, namely C185 and C277. Moreover, we demonstrate that such redox-dependent
Src activation is mediated by the epithelial NADPH oxidase DUOX1, which was previously
implicated in airway epithelial injury responses (21, 22, 29). The Cys residues implicated

in these responses are largely unique to Src within the SFK family (37) and C277 has been
exploited as a target for covalent Src inhibitor development (61). However, our observations
of unique redox-based regulation of Src may have implications for such covalent inhibitor
approaches, and may warrant alternative redox-based inhibitor strategies that selectively
target Src and avoid off-target effects related to inhibition of other SFKs or related kinases.

An intriguing aspect of our present findings is the observation of an apparent feed-forward
autoamplification mechanism with respect to epithelial IL-33 secretion in the context of
acute allergen challenge. It has been well-recognized that airway epithelial expression

of IL-33 and its receptor ST2 are subject to positive feedback regulation by paracrine
mechanisms, e.g. by IL-13 generated by ILC2 (62). More recently, a similar paracrine
amplification of epithelial I1L-33 expression was attributed to mast cells that shift from

the submucosa to the epithelium during allergic asthma, and in fact involve mast cell-
derived IL-33 (63). Moreover, recent studies indicate that inflammatory responses induced
by repeated airway administration of IL-33 are largely mediated by endogenous IL-33
production and activation (54). Our findings reveal an alternative epithelial-specific feed-
forward mechanism, in which IL-33 induces further secretion of IL-33 from epithelial cells
in the context of acute allergen challenge. This feed-forward mechanism depends on ST2
receptor signaling but appears to be independent of transcriptional IL-33 regulation, as it
was not associated with increased epithelial IL-33 mRNA. Furthermore, our present findings
demonstrate that the previously reported involvement of DUOX1 and redox-dependent
Src/EGFR activation in acute IL-33 secretion in response to protease allergens such as
HDM (21) may in fact largely be due to their role(s) in IL-33-dependent signaling in this
feed-forward mechanism. Since epithelial 1L-33 secretion by injurious triggers may involve
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diverse mechanisms (13), including both passive IL-33 release from necrotic cells as well

as cell signaling mechanisms initiated by early damage signals (e.g. ATP) through receptor-
mediated signaling, we speculate that the feed-forward IL-33 secretion mechanism observed
in our present study may reflect initial effects of early passive 1L-33 secretion amplified by
subsequent IL-33 secretion via IL-33 signaling and DUOX1/Src/EGFR activation.

We do not fully understand how IL-33 signaling through ST2 leads to the activation of
DUOX1. DUOX1 activation in e.g. wound responses typically requires the activation of
Ca?* signaling, initiated by activation of ionotropic or metabotropic receptors, such as
purinergic receptors (activated by initial ATP release as a damage signal) (25), histaminergic
receptors (64), or TRP channels such as TRPV1 (23). IL-33 signaling typically involves the
formation of a heterodimeric receptor complex between ST2 and IL-1RACcP, which then can
complex with multiple signaling proteins (e.g. MyD88, TRAF6, various IRAKS), inducing
MAP kinase signaling and other downstream kinase responses (4, 65), but emerging
findings indicate that IL-33 can also induce Ca2* mobilization, e.g. in neurons (66) or in
IgE-sensitized mast cells (67), although the mechanisms are yet unestablished. However, the
overlap of canonical IL-33 signaling, or the potential for an alternative signaling pathway,
with the known DUOX1 activation pathway should be addressed.

Another intriguing aspect of our findings is the apparent close association between 1L-33
and the EGFR ligand AREG, which are both produced acutely upon HDM challenge. It has
recently been shown that EGFR and ST2 are closely associated in type 2 T helper cells
(Th2 cells), and that the association of I1L-33 and AREG with their receptors is not only
required for this association, but necessary for the production of 1L-13 by these cells (68).
Also, IL-33 signaling and ST2 expression are closely linked with EGFR/AREG signaling
during e.g. injury responses within the intestinal and airway epithelia (69). We recently
reported that I1L-33 is capable of inducing DUOX1-dependent AREG secretion in epithelial
cells (22), and our present findings indicate the importance of IL-33 signaling in epithelial
AREG secretion in response to HDM. Both I1L-33 and AREG are known to be important

in the context of epithelial injury and wound responses (4, 53), and our current findings
offer further insight into the potential relationship between these mediators, and highlight
the potential importance of DUOX1 and Src in such interrelations.

In summary, our current findings reveal the central importance of Src in HDM-induced
airway epithelial type 2 responses, specifically in responses involving IL-33 secretion

and signaling. Additionally, we have identified a novel autoamplification mechanism with
respect to acute IL-33 secretion mechanisms, which is mediated by redox-dependent
activation of Src and EGFR, and further demonstrate the intricate relationship between
IL-33, AREG, and EGFR signaling in the context of innate injury responses and in

chronic airway diseases characterized by increased type 2 inflammation. With respect to
the physiological significance of our findings, DUOX1-mediated type 2 cytokine responses
were associated with increased AHR in the context of chronic IL-33 challenge, as was
previously observed in the context of HDM-mediated allergic airways disease (22), but this
did not appear to apply to Src as IL-33-mediated AHR was not attenuated and perhaps
even enhanced in Src*/~ mice. This latter finding could potentially be due to the use of
heterozygous mice rather than Sre-null mice or to the fact that Src is ubiquitously present
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in all cell types, and that non-selective Src deletion in other lung cell types may have
unanticipated consequences impacting on overall lung function. Epithelial-specific targeting
of Src may therefore have greater benefit. Lastly, since DUOX1 (and possibly Src) impaired
IL-33 driven type 2 cytokine production and also AHR could also suggest that 1L-33 (or
related type 2 cytokines), via DUOX1 and/or Src, may activate sensory nerves in the airways
as an important mechanism in promoting AHR (66, 70-72). Future studies that go beyond
the scope of the present work would be required to test this possibility.
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Acknowledgment

The authors kindly thank Roxana del Rio for her assistance with the flow cytometry analyses for these studies.

This work was supported by NIH grants R01 HL085646 and RO1 HL138708 (to AvdV) and F31 HL142221 (to
CMD).

References

1. Lambrecht BN, and Hammad H. 2012. The airway epithelium in asthma. Nat. Med. 18: 684-692.
[PubMed: 22561832]

2. Knight DA, and Holgate ST. 2003. The airway epithelium: structural and functional properties in
health and disease. Respirology 8: 432-446. [PubMed: 14708552]

3. Hiemstra PS, McCray PB Jr., and Bals R. 2015. The innate immune function of airway epithelial
cells in inflammatory lung disease. Eur. Respir. J. 45: 1150-1162. [PubMed: 25700381]

4. Liew FY, Girard JP, and Turnquist HR. 2016. Interleukin-33 in health and disease. Nat. Rev.
Immunol. 16: 676-689. [PubMed: 27640624]

5. Humphreys NE, Xu D, Hepworth MR, Liew FY, and Grencis RK. 2008. IL-33, a Potent Inducer of
Adaptive Immunity to Intestinal Nematodes. J. Immunol. 180: 2443-2449. [PubMed: 18250453]

6. Oboki K, Ohno T, Kajiwara N, Arae K, Morita H, Ishii A, Nambu A, Abe T, Kiyonari H,
Matsumoto K, Sudo K, Okumura K, Saito H, and Nakae S. 2010. IL-33 is a crucial amplifier of
innate rather than acquired immunity. Proc. Natl. Acad. Sci. U. S. A. 107: 18581-18586. [PubMed:
20937871]

7. Prefontaine D, Nadigel J, Chouiali F, Audusseau S, Semlali A, Chakir J, Martin JG, and Hamid Q.
2010. Increased IL-33 expression by epithelial cells in bronchial asthma. J. Allergy Clin. Immunol.
125: 752-754. [PubMed: 20153038]

8. Moffatt MF, Gut IG, Demenais F, Strachan DP, Bouzigon E, Heath S, von Mutius E, Farrall M,
Lathrop M, and Cookson W. 2010. A large-scale, consortium-based genomewide association study
of asthma. The New England journal of medicine 363: 1211-1221. [PubMed: 20860503]

9. Moussion C, Ortega N, and Girard J-P. 2008. The IL-1-like cytokine IL-33 is constitutively
expressed in the nucleus of endothelial cells and epithelial cells in vivo: a novel ‘alarmin’? PLoS
One 3: €3331-e3331. [PubMed: 18836528]

10. Carriere V, Roussel L, Ortega N, Lacorre DA, Americh L, Aguilar L, Bouche G, and Girard JP.
2007. 1L-33, the IL-1-like cytokine ligand for ST2 receptor, is a chromatin-associated nuclear
factor in vivo. Proc. Natl. Acad. Sci. U. S. A. 104: 282-287. [PubMed: 17185418]

11. Travers J, Rochman M, Miracle CE, Habel JE, Brusilovsky M, Caldwell JM, Rymer JK, and
Rothenberg ME. 2018. Chromatin regulates IL-33 release and extracellular cytokine activity. Nat.
Commun. 9: 3244. [PubMed: 30108214]

12. Schmitz J, Owyang A, Oldham E, Song Y, Murphy E, McClanahan TK, Zurawski G, Moshrefi M,
Qin J, Li X, Gorman DM, Bazan JF, and Kastelein RA. 2005. IL-33, an interleukin-1-like cytokine

J Immunol. Author manuscript; available in PMC 2022 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dustin et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Page 15

that signals via the IL-1 receptor-related protein ST2 and induces T helper type 2-associated
cytokines. Immunity 23: 479-490. [PubMed: 16286016]

Drake LY, and Kita H. 2017. IL-33: biological properties, functions, and roles in airway disease.
Immunol. Rev. 278: 173-184. [PubMed: 28658560]

Yagami A, Orihara K, Morita H, Futamura K, Hashimoto N, Matsumoto K, Saito H, and Matsuda
A. 2010. IL-33 mediates inflammatory responses in human lung tissue cells. J. Immunol. 185:
5743-5750. [PubMed: 20926795]

Lott JM, Sumpter TL, and Turnquist HR. 2015. New dog and new tricks: evolving roles for IL-33
in type 2 immunity. J Leukoc Biol 97: 1037-1048. [PubMed: 25801770]

Lefrancais E, Roga S, Gautier V, Gonzalez-de-Peredo A, Monsarrat B, Girard JP, and Cayrol C.
2012. IL-33 is processed into mature bioactive forms by neutrophil elastase and cathepsin G. Proc.
Natl. Acad. Sci. U. S. A. 109: 1673-1678. [PubMed: 22307629]

Cayrol C, Duval A, Schmitt P, Roga S, Camus M, Stella A, Burlet-Schiltz O, Gonzalez-de-Peredo
A, and Girard JP. 2018. Environmental allergens induce allergic inflammation through proteolytic
maturation of IL-33. Nat. Immunol. 19: 375-385. [PubMed: 29556000]

Scott IC, Majithiya JB, Sanden C, Thornton P, Sanders PN, Moore T, Guscott M, Corkill DJ,
Erjefalt JS, and Cohen ES. 2018. Interleukin-33 is activated by allergen- and necrosis-associated
proteolytic activities to regulate its alarmin activity during epithelial damage. Sci. Rep. 8: 3363.
[PubMed: 29463838]

Hayakawa H, Hayakawa M, Kume A, and Tominaga S. 2007. Soluble ST2 blocks interleukin-33
signaling in allergic airway inflammation. The Journal of biological chemistry 282: 26369-26380.
[PubMed: 17623648]

Cohen ES, Scott IC, Majithiya JB, Rapley L, Kemp BP, England E, Rees DG, Overed-Sayer
CL, Woods J, Bond NJ, Veyssier CS, Embrey KJ, Sims DA, Snaith MR, Vousden KA, Strain
MD, Chan DT, Carmen S, Huntington CE, Flavell L, Xu J, Popovic B, Brightling CE, Vaughan
TJ, Butler R, Lowe DC, Higazi DR, Corkill DJ, May RD, Sleeman MA, and Mustelin T. 2015.
Oxidation of the alarmin 1L-33 regulates ST2-dependent inflammation. Nat Commun 6: 8327.
[PubMed: 26365875]

Hristova M, Habibovic A, Veith C, Janssen-Heininger YM, Dixon AE, Geiszt M, and van

der Vliet A. 2016. Airway epithelial dual oxidase 1 mediates allergen-induced IL-33 secretion
and activation of type 2 immune responses. J. Allergy Clin. Immunol. 137: 1545-1556 e1511.
[PubMed: 26597162]

Habibovic A, Hristova M, Heppner DE, Danyal K, Ather JL, Janssen-Heininger YM, Irvin CG,
Poynter ME, Lundblad LK, Dixon AE, Geiszt M, and van der Vliet A. 2016. DUOX1 mediates
persistent epithelial EGFR activation, mucous cell metaplasia, and airway remodeling during
allergic asthma. JCI Insight 1: e88811. [PubMed: 27812543]

Schiffers C, Hristova M, Habibovic A, Dustin CM, Danyal K, Reynaert NL, Wouters EFM, and
van der Vliet A. 2020. The Transient Receptor Potential Channel Vanilloid 1 Is Critical in Innate
Airway Epithelial Responses to Protease Allergens. Am. J. Respir. Cell Mol. Biol. 63: 198-208.
[PubMed: 32182090]

Burgel PR, and Nadel JA. 2004. Roles of epidermal growth factor receptor activation in epithelial
cell repair and mucin production in airway epithelium. Thorax 59: 992-996. [PubMed: 15516478]
Sham D, Wesley UV, Hristova M, and van der Vliet A. 2013. ATP-mediated transactivation of the
epidermal growth factor receptor in airway epithelial cells involves DUOX1-dependent oxidation
of Src and ADAM17. PLoS One 8: €54391. [PubMed: 23349873]

Le Cras TD, Acciani TH, Mushaben EM, Kramer EL, Pastura PA, Hardie WD, Korfhagen TR,
Sivaprasad U, Ericksen M, Gibson AM, Holtzman MJ, Whitsett JA, and Hershey GKK. 2011.
Epithelial EGF receptor signaling mediates airway hyperreactivity and remodeling in a mouse
model of chronic asthma. Am. J. Physiol. Lung Cell Mol. Physiol. 300: L414-L421. [PubMed:
21224214]

Paulsen CE, Truong TH, Garcia FJ, Homann A, Gupta V, Leonard SE, and Carroll KS. 2011.
Peroxide-dependent sulfenylation of the EGFR catalytic site enhances kinase activity. Nat. Chem.
Biol. 8: 57-64. [PubMed: 22158416]

J Immunol. Author manuscript; available in PMC 2022 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dustin et al.

28.

29.

30.

31.
32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 16

Truong TH, Ung PM, Palde PB, Paulsen CE, Schlessinger A, and Carroll KS. 2016. Molecular
Basis for Redox Activation of Epidermal Growth Factor Receptor Kinase. Cell Chem Biol 23:
837-848. [PubMed: 27427230]

Heppner DE, Hristova M, Dustin CM, Danyal K, Habibovic A, and van der Vliet A. 2016. The
NADPH Oxidases DUOX1 and NOX2 Play Distinct Roles in Redox Regulation of Epidermal
Growth Factor Receptor Signaling. J. Biol. Chem. 291: 23282-23293. [PubMed: 27650496]
Roskoski R Jr. 2015. Src protein-tyrosine kinase structure, mechanism, and small molecule
inhibitors. Pharmacol. Res. 94: 9-25. [PubMed: 25662515]

Yeatman TJ 2004. A renaissance for SRC. Nat. Rev. Cancer 4: 470-480. [PubMed: 15170449]
Roskoski R Jr. 2005. Src kinase regulation by phosphorylation and dephosphorylation. Biochem.
Biophys. Res. Commun. 331: 1-14. [PubMed: 15845350]

Harrison SC 2003. Variation on an Src-like theme. Cell 112: 737-740. [PubMed: 12654240]

Xu W, Harrison SC, and Eck MJ. 1997. Three-dimensional structure of the tyrosine kinase c-Src.
Nature 385: 595-602. [PubMed: 9024657]

Xu W, Doshi A, Lei M, Eck MJ, and Harrison SC. 1999. Crystal structures of c-Src reveal features
of its autoinhibitory mechanism. Mol. Cell 3: 629-638. [PubMed: 10360179]

Dustin CM, Heppner DE, Lin MJ, and van der Vliet A. 2019. Redox regulation of tyrosine kinase
signaling: More than meet the eye. J. Biochem. 167: 151-163.

Heppner DE, Dustin CM, Liao C, Hristova M, Veith C, Little AC, Ahlers BA, White SL, Deng B,
Lam YW, Li J, and van der Vliet A. 2018. Direct cysteine sulfenylation drives activation of the Src
kinase. Nat Commun 9: 4522. [PubMed: 30375386]

Soriano P, Montgomery C, Geske R, and Bradley A. 1991. Targeted disruption of the c-src
proto-oncogene leads to osteopetrosis in mice. Cell 64: 693-702. [PubMed: 1997203]

Donkoé A, Ruisanchez E, Orient A, Enyedi B, Kapui R, Péterfi Z, de Deken X, Beny6 Z, and
Geiszt M. 2010. Urothelial cells produce hydrogen peroxide through the activation of Duox1. Free
Radical Biol. Med. 49: 2040-2048. [PubMed: 21146788]

Gorissen SH, Hristova M, Habibovic A, Sipsey LM, Spiess PC, Janssen-Heininger YM, and van
der Vliet A. 2013. Dual oxidase-1 is required for airway epithelial cell migration and bronchiolar
reepithelialization after injury. Am. J. Respir. Cell Mol. Biol. 48: 337-345. [PubMed: 23239498]
Wesley UV, Bove PF, Hristova M, McCarthy S, and van der Vliet A. 2007. Airway epithelial cell
migration and wound repair by ATP-mediated activation of dual oxidase 1. J. Biol. Chem. 282:
3213-3220. [PubMed: 17135261]

Hristova M, Veith C, Habibovic A, Lam YW, Deng B, Geiszt M, Janssen-Heininger YM, and

van der Vliet A. 2014. Identification of DUOX1-dependent redox signaling through protein
S-glutathionylation in airway epithelial cells. Redox Biol 2: 436-446. [PubMed: 24624333]
Dustin CM, Hristova M, Schiffers C, and van der Vliet A. 2019. Proteomic Methods to Evaluate
NOX-Mediated Redox Signaling. In NADPH Oxidases. Knaus UG, and Leto TL, eds. Humana,
New York, N.Y. p. 497-515.

Tomioka S, Bates JH, and Irvin CG. 2002. Airway and tissue mechanics in a murine model of
asthma: alveolar capsule vs. forced oscillations. J Appl Physiol (1985) 93: 263-270. [PubMed:
12070213]

Chapman DG, and Irvin CG. 2015. Mechanisms of airway hyper-responsiveness in asthma: the
past, present and yet to come. Clinical and experimental allergy : journal of the British Society for
Allergy and Clinical Immunology 45: 706-719.

Hennequin LF, Allen J, Breed J, Curwen J, Fennell M, Green TP, Lambert-van der Brempt

C, Morgentin R, Norman RA, Olivier A, Otterbein L, Ple PA, Warin N, and Costello G.

2006. N-(5-chloro-1,3-benzodioxol-4-yl)-7-[2-(4-methylpiperazin-1-yl)ethoxy]-5- (tetrahydro-2H-
pyran-4-yloxy)quinazolin-4-amine, a novel, highly selective, orally available, dual-specific c-
Src/Abl kinase inhibitor. J. Med. Chem. 49: 6465-6488. [PubMed: 17064066]

Green TP, Fennell M, Whittaker R, Curwen J, Jacobs V, Allen J, Logie A, Hargreaves J, Hickinson
DM, Wilkinson RW, Elvin P, Boyer B, Carragher N, Ple PA, Bermingham A, Holdgate GA, Ward
WH, Hennequin LF, Davies BR, and Costello GF. 2009. Preclinical anticancer activity of the
potent, oral Src inhibitor AZD0530. Mol. Oncol. 3: 248-261. [PubMed: 19393585]

J Immunol. Author manuscript; available in PMC 2022 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dustin et al.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 17

Wu CA, Peluso JJ, Zhu L, Lingenheld EG, Walker ST, and Puddington L. 2010. Bronchial
epithelial cells produce IL-5: implications for local immune responses in the airways. Cell.
Immunol. 264: 32-41. [PubMed: 20494340]

Allahverdian S, Harada N, Singhera GK, Knight DA, and Dorscheid DR. 2008. Secretion of 1L-13
by airway epithelial cells enhances epithelial repair via HB-EGF. Am. J. Respir. Cell Mol. Biol.
38: 153-160. [PubMed: 17717322]

Hardman CS, Panova V, and McKenzie ANJ. 2013. IL-33 citrine reporter mice reveal the temporal
and spatial expression of I1L-33 during allergic lung inflammation. Eur. J. Immunol. 43: 488-498.
[PubMed: 23169007]

Spassov DS, Ruiz-Saenz A, Piple A, and Moasser MM. 2018. A Dimerization Function in

the Intrinsically Disordered N-Terminal Region of Src. Cell Rep. 25: 449-463 e444. [PubMed:
30304684]

Heyen L, Miller U, Siegemund S, Schulze B, Protschka M, Alber G, and Piehler D. 2016.

Lung epithelium is the major source of IL-33 and is regulated by IL-33-dependent and 1L-33-
independent mechanisms in pulmonary cryptococcosis. Pathogens and disease 74: ftw086.
[PubMed: 27596810]

Zaiss DMW, Gause WC, Osborne LC, and Artis D. 2015. Emerging functions of amphiregulin

in orchestrating immunity, inflammation, and tissue repair. Immunity 42: 216-226. [PubMed:
25692699]

Magat JM, Thomas JL, Dumouchel JP, Murray F, Li WX, and Li J. 2020. Endogenous IL-33 and
Its Autoamplification of IL-33/ST2 Pathway Play an Important Role in Asthma. J. Immunol. 204:
ji1900690.

Allen JE, and Sutherland TE. 2014. Host protective roles of type 2 immunity: parasite killing and
tissue repair, flip sides of the same coin. Semin. Immunol. 26: 329-340. [PubMed: 25028340]

Yoo SK, Freisinger CM, LeBert DC, and Huttenlocher A. 2012. Early redox, Src family kinase,
and calcium signaling integrate wound responses and tissue regeneration in zebrafish. J. Cell Biol.
199: 225-234. [PubMed: 23045550]

Tundwal K, and Alam R. 2012. JAK and Src tyrosine kinase signaling in asthma. Front Biosci
(Landmark Ed) 17: 2107-2121. [PubMed: 22652767]

Randhawa V, and Bagler G. 2012. Identification of SRC as a potent drug target for asthma, using
an integrative approach of protein interactome analysis and in silico drug discovery. OMICS 16:
513-526. [PubMed: 22775150]

Krymskaya VP, Goncharova EA, Ammit AJ, Lim PN, Goncharov DA, Eszterhas A, and Panettieri
RA Jr. 2005. Src is necessary and sufficient for human airway smooth muscle cell proliferation and
migration. FASEB J. 19: 428-430. [PubMed: 15746183]

Hardyman MA, Wilkinson E, Martin E, Jayasekera NP, Blume C, Swindle EJ, Gozzard N,

Holgate ST, Howarth PH, Davies DE, and Collins JE. 2013. TNF-alpha-mediated bronchial barrier
disruption and regulation by src-family kinase activation. J. Allergy Clin. Immunol. 132: 665-675
€668. [PubMed: 23632299]

Du G, Rao S, Gurbani D, Henning NJ, Jiang J, Che J, Yang A, Ficarro SB, Marto JA, Aguirre AJ,
Sorger PK, Westover KD, Zhang T, and Gray NS. 2020. Structure-Based Design of a Potent and
Selective Covalent Inhibitor for SRC Kinase That Targets a P-Loop Cysteine. J. Med. Chem. 63:
1624-1641. [PubMed: 31935084]

Christianson CA, Goplen NP, Zafar 1, Irvin C, Good JT Jr., Rollins DR, Gorentla B, Liu W,
Gorska MM, Chu H, Martin RJ, and Alam R. 2015. Persistence of asthma requires multiple
feedback circuits involving type 2 innate lymphoid cells and 1L-33. J. Allergy Clin. Immunol. 136:
59-68.e14. [PubMed: 25617223]

Altman MC, Lai Y, Nolin JD, Long S, Chen CC, Piliponsky AM, Altemeier WA, Larmore M,
Frevert CW, Mulligan MS, Ziegler SF, Debley JS, Peters MC, and Hallstrand TS. 2019. Airway
epithelium-shifted mast cell infiltration regulates asthmatic inflammation via IL-33 signaling. J.
Clin. Invest. 129: 4979-4991. [PubMed: 31437129]

Rada B, Boudreau HE, Park JJ, and Leto TL. 2014. Histamine stimulates hydrogen peroxide
production by bronchial epithelial cells via histamine H1 receptor and dual oxidase. Am. J. Respir.
Cell Mol. Biol. 50: 125-134. [PubMed: 23962049]

J Immunol. Author manuscript; available in PMC 2022 June 15.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dustin et al.

65.

66.

67.

68.

69.

70.

71.

72.

Page 18

Pinto SM, Nirujogi RS, Rojas PL, Patil AH, Manda SS, Subbannayya Y, Roa JC, Chatterjee
A, Prasad TSK, and Pandey A. 2015. Quantitative phosphoproteomic analysis of 1L-33-mediated
signaling. Proteomics 15: 532-544. [PubMed: 25367039]

Liu B, Tai Y, Achanta S, Kaelberer MM, Caceres Al, Shao X, Fang J, and Jordt SE. 2016.
IL-33/ST2 signaling excites sensory neurons and mediates itch response in a mouse model
of poison ivy contact allergy. Proc. Natl. Acad. Sci. U. S. A. 113: E7572—e7579. [PubMed:
27821781]

Ball DH, Al-Riyami L, Harnett W, and Harnett MM. 2018. IL-33/ST2 signalling and crosstalk with
FceRI and TLR4 is targeted by the parasitic worm product, ES-62. Sci. Rep. 8: 4497. [PubMed:
29540770]

Minutti CM, Drube S, Blair N, Schwartz C, McCrae JC, McKenzie AN, Kamradt T, Mokry

M, Coffer PJ, Sibilia M, Sijts AJ, Fallon PG, Maizels RM, and Zaiss DM. 2017. Epidermal
Growth Factor Receptor Expression Licenses Type-2 Helper T Cells to Function ina T Cell
Receptor-Independent Fashion. Immunity 47: 710-722.e716. [PubMed: 29045902]

Monticelli LA, Osborne LC, Noti M, Tran SV, Zaiss DM, and Artis D. 2015. IL-33 promotes

an innate immune pathway of intestinal tissue protection dependent on amphiregulin-EGFR
interactions. Proc. Natl. Acad. Sci. U. S. A. 112: 10762-10767. [PubMed: 26243875]

Trankner D, Hahne N, Sugino K, Hoon MA, and Zuker C. 2014. Population of sensory neurons
essential for asthmatic hyperreactivity of inflamed airways. Proc. Natl. Acad. Sci. U. S. A. 111:
11515-11520. [PubMed: 25049382]

Campion M, Smith L, Gatault S, Métais C, Buddenkotte J, and Steinhoff M. 2019. Interleukin-4
and interleukin-13 evoke scratching behaviour in mice. Exp. Dermatol. 28: 1501-1504. [PubMed:
31505056]

Kabata H, and Artis D. 2019. Neuro-immune crosstalk and allergic inflammation. J. Clin. Invest.
129: 1475-1482. [PubMed: 30829650]

J Immunol. Author manuscript; available in PMC 2022 June 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Dustin et al.

Page 19

Key points:
Epithelial 1L-33 secretion involves IL-33 signaling via its ST2 receptor
IL-33-dependent signaling activates Src kinase and EGFR
Epithelial 1L-33 signaling involves activation of the NADPH oxidase DUOX1
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Figure 1: Srcactivity and oxidation areinvolved with airway epithelial type 2 responses.
(A) Experimental design for mouse experiments using Src inhibitor AZD0530 (Saracatinib)

or Src WT/Sret!~ mice. (B) Representative IHC analysis of lung sections from mice with
a-pY416 Src and a-pY1068 EGFR antibodies. (C) ELISA analyses of IL-33, IL-13 and

IL-5 in BALF from AZD0530-treated mice. (D) ELISA analyses of IL-33, IL-13 and IL-5 in

BALF from WT or Src*/~ mice. Data in C and D are normalized to average concentrations
seen in WT HDM 1h (IL-33) or WT HDM 6h (IL-13 or IL-5). (E) MTEC were transfected
with Sre-targeted siRNA or non-silencing control (NS) and stimulated with 50 pg/mL HDM
for 1 or 6 hours. Media was collected and analyzed by ELISA for IL-33, IL-5, or IL-13

secretion. (F) H292 cells were transfected with FLAG-WT, FLAG-C185A, FLAG-C277A or
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empty vector control (EV), stimulated with HDM for 2h, and collected media was analyzed
by ELISA for IL-33. Results are expressed as mean = SEM from two separate experiments.
AZD inhibitor studies were conducted with an n=4 for PBS control n=6 for HDM treated
mice per group. WT/Src*/~ experiments were conducted with an n=6 for PBS control and
n=8 for HDM treated mice per group. Data were analyzed for significance using 2-way
ANOVA where *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 2: Airway epithelial 1L-33 secretion isdependent on IL-33 signaling.
(A) Experimental setup for /n vivo a-ST2 experiment. (B) Analysis of BALF from HDM-

treated mice for I1L-33 secretion using ELISA. (C) MTEC were treated with 2 pg/mL

IgG or a-ST2 blocking mAb for 30 min prior to 50 pg/mL HDM challenge. Media was
collected and analyzed for IL-33 secretion by ELISA. (D) MTECs were transfected with
/11r11 (ST2) siRNA and then treated with 50 pg/mL HDM. Media was collected and
analyzed for IL-33 secretion with ELISA. (E) MTEC were treated with 2 ug/mL I1gG or
a-ST2 blocking mAb for 30 min prior to stimulation with 50 pg/mL ALT or 100 pM

ATP for 2h. Media was collected and analyzed for 1L-33 secretion by ELISA. Results are
expressed as Mean = SEM from 3-8 replicates. In vivo analyses were conducted with n=6

J Immunol. Author manuscript; available in PMC 2022 June 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Dustin et al.

Page 23

for PBS controls and n=12 for HDM-treated mice. (F) Analysis of mouse lung single cell
suspensions by flow cytometry for ST2-positive populations of CD326* cells. Viable cells
were gated on CD457/CD326" cell populations for analysis of ST2 expression, compared to
the Fluorescence-Minus-One (FMO) control. Representative results from 3 separate analyses
are shown. All data were analyzed for significance using 2-way ANOVA where *P<0.05,
**p<0.01, ***P<0.001, ****P<0.0001.
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Figure 3: Epithelial IL-33 signaling involves Src and EGFR activation.
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(A) Experimental design of in vivo IL-33 challenge studies. (B) Analysis of IL-5 and

IL-13 secretion in BALF of mice treated with 1L-33 or PBS by ELISA. (C) MTEC were
transfected with Src siRNA for 72 hrs and treated with IL-33 for indicated times, after which
media was collected and analyzed for IL-13 secretion by ELISA. (D, E) H292 cells were
treated for 30 min with either a Src inhibitor (AZD0530, 1 uM; D) or the EGFR inhibitor
AG1478 (1uM; E) followed by 24h stimulation with 100 ng/mL IL-33. Conditioned media
was analyzed for IL-13 secretion by ELISA. Results are expressed as Mean = SEM. /n vivo
analyses were conducted where n=5-6 for PBS control and n=8 for IL-33 treated mice per
group. Data were analyzed for significance using 2-way ANOVA where *P<0.05, **P<0.01,

***p<(.001, ****P<0.0001.
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Figure 4: IL-33 signaling is dependent on DUOX1 activation in the airway epithelium.
(A) Experimental design of IL-33 challenge studies. (B) BALF IL-13 secretion from WT or

Duox1™~ mice instilled with 1L-33, analyzed by ELISA. (C) Lung single-cell suspensions
from PBS- or IL-33-challenged mice were separated into CD45+ and CD45- fractions, and
CD326+ cells were isolated from CD45- cell fractions. RNA was extracted from all 3 cell
populations for mRNA analysis of //33, //13and //5and was normalized to Gapdhas a
house-keeping gene (n=3). (D) MTEC from WT or DuoxI™~ mice were treated with 100
ng/mL IL-33 and IL-13 secretion into the media was analyzed by ELISA. (E) H292 cells

J Immunol. Author manuscript; available in PMC 2022 June 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Dustin et al.

Page 26

were transfected with NS or DUOX1 siRNA and stimulated with 100 ng/mL IL-33 for 10
min for analysis of H,O, production by HPLC. (F) Western blot analysis of phosphorylated
and sulfenylated (-SOH, measured by DCP-BIO1 alkylation and biotin affinity purification)
forms of Src and EGFR from WT or DuoxI™~ MTEC treated with 100 ng/mL IL-33 for

10 min. Results are expressed as Mean + SEM. /n vivo analyses were conducted where

n=4 for PBS treated mice and n=8-9 for IL-33 treated mice per group. Mouse data were
analyzed for statistical significance using a T-Test with Welch’s Correction where *P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001. All other data were analyzed for significance using
2-way ANOVA where *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

J Immunol. Author manuscript; available in PMC 2022 June 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Dustin et al. Page 27
fiL-33
A (1 1g) flexiVent
—— o rifice
WT/Duox1" v
A A A
WT/Sre*- dl d2 d3 d4 d5
Collect BALF
Harvest lungs
B o WI ® puoxt” Cc

IL-33 (pg/mL)

o WT = Src+-

2000
e = 5 5 1500
g ? 2
& £ 5 £
k=4 2 e 2 1000
e © 23 ©
5 2 = = 500

PBS IL-33

PBS IL-33
D © WT ™ puoxt™” E
Total Cells L Neutrophils oWl = gt
= Total Cells L
2500000 |-“‘1 150 19 1007 = 25 20000007 = 150 15 80
- = =
, 2000000 | g — g, g & ® g g ] g . 2 60 g
8 1500000 e 2 2 2 6o 2 15 g '™ =10 ° ! z
3 ] 3 ] T 3 ]
£ 1000000 - = S o S 10 3 5 &e o 5
= g so g5 3 3 g s0- g s g k]
500000 = = 2 50 2 ° ° ° ﬁ 2 2. ke
o o o o [ o o ﬂ A oLkl A o o
PBS IL-33 PBS IL-33 PBS IL-33 PBS IL-33 PBS IL-33 PBS IL-33 PBS IL-33 PBS IL-33 PBS L33 PBS IL-33
F —e— WT-PBS (n=3) —+ WT-IL 33 (n=4) G —e— WT-PBS (n=3) + WT IL-33 (n=4)
= Duox1™-PBS (n=3) ~* Duox1”-IL 33 (n=5) = Sc-PBS(n=3) T Src”IL-33 (n=5)
Newtonian Resistance Tissue Damping Tissiio Elsatiiice Newtonian Resistance Tissue Damping Tissue Elastance
1.5 56 1.5 25- 80
! .
= i = * =
= - P T = = 60
E ) = £ A E
@ 1.0 E g ’ 1 3 3 15 S, =4
o, a S * . ] e = a0 A
£ = = 40 - 2 e £ Z 10 £ [
5 os £ & L Sos . _aw & _ e S - . .
S o [ z P 5 e S
2 § 2 2| = T
T T T T T T T T T T T T
o T T T T o r saline 125 2 50 saline 125 25 50 saline 125 25 50
saline 125 25 50 same 126 25 % saline 125 25 50 Methacholine dose (mg/mi) Methacholine dose (mg/mi) Methacholine dose (mg/mi)

Methacholine dose (mg/ml)

Methacholine dose (mg/ml)

Methacholine dose (mg/ml)

Figure 5: Role of DUOX1 and Srcin type 2 inflammation and airways hyper responsiveness upon
repeated |L-33 challenge.

(A) Experimental design for repeated IL-33 challenge and analysis. (B,C) Cytokine
secretion analyzed from BALF collected following 4-day 1L-33 challenge in Duox17/~

(B) or Src*’~ mice (C). (D,E) Measurement of total and cell differentials (expressed

as percentage of total cell counts) in BALF from IL-33 exposed WT, DuoxI™/~ (D)

or Src*!~ mice (E). Analysis of central airway (Newtonian) resistance, tissue damping,

and tissue elastance in response to increasing methacholine dosage by flexiVent in WT,
Duox1™!= (F) and Src*/~ (G) mice. Results are expressed as Mean + SEM. Experiments
were conducted where n=3 for PBS control and n=4-5 for IL-33 treated mice per group.
Data were analyzed for significance using 2-way ANOVA where *P<0.05, **P<0.01,
***pP<(.001, ****P<0.0001. Flexivent results are expressed as Mean + SEM. Experiments
were conducted where n=3 for PBS control and n=4-5 for IL-33 treated mice per group.
Data were analyzed for significance using 1-way ANOVA for 50 mg/mL methacholine dose
where *P<0.05 vs WT PBS and #P<0.05 vs WT IL-33.
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