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CaMKIl oxidation regulates cockroach allergen-induced mitophagy in asthma
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CaMKI1&: Calcium/calmodulin- ox-CaMKII3: Oxidative

ROS: Reactive oxygen species dependent protein kinase Il delta activation of CaMKIId

MM-VV®&: Oxidation resistant Mt-CaMKIIN: Mitochondrial- 3-MA: 3-Methvladenine
mutant CaMKII® targeted CaMKII inhibitor ’ Y
LC3: Microtubule-associated HBEC: Primary human bronchial

OPTN: Optineurin
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ABSTRACT

Background: Autophagy plays an important role in causinganfmatory responses initiated by
environmental pollutants and respiratory tract ctifen.

Objective: We sought to investigate the role of cockroatdrgén-induced excessive activation of
autophagy in allergic airway inflammation and itglarlying molecular mechanisms.

Methods: Environmental allergen-induceditophagy was investigated in the primary human
bronchial epithelial cells (HBECs) and lung tissoéasthmatic mouse model and patients. The role of
autophagy in asthma development was examined bg asitophagy inhibitor 3-Methyladenine
(3-MA) in an asthma mouse model. Further, the imewients of reactive oxygen species (ROS) and
oxidized C&'/calmodulin-dependent protein kinase Il (ox-CaMigignaling in regulating autophagy
during asthma were examined in allergen-treated EBB&nd mouse model.

Results: Cockroach allergen activated autophagy in HBECsiautige lung tissues from asthmatic
patients and mice. Autophagy inhibitor 3-MA sigoéntly attenuated airway hyper-responsiveness
(AHR), Th2-associated lung inflammation and ROSegation. Mechanistically, we demonstrated a
pathological feedforward circuit between cockroattbrgen-induced ROS and autophagy that is
mediated through CaMKII oxidation. Furthermorensgenic mice with ROS-resistant CaMKII
MM-VV 6 showed attenuation of Th2-associated lung inflattonand autophagy. Mitochondrial
ox-CaMKII inhibition induced by adenovirus carryingtochondrial-targeted inhibitor peptide
CaMKIIN suppresses cockroach allergen-induced dnagp mitochondrial dysfunction, mitophagy,
and cytokine production in HBECs. Finally, mitockloial CaMKII inhibition suppressed the
expression of one of the key ubiquitin binding qunagy receptors, optineurin (OPTN), and its
recruitment to fragmented mitochondria. OPTN knaskd inhibited cockroach allergy-induced
mitophagy.

Conclusion: Our data suggest a previously uncovered axidefan-ROS-ox-CaMKIIl-mitophagy in
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the development of allergic airway inflammation asthma.

Key words: Asthma, Cockroach allergen, ROS, CaMKII, Mitoctoa, Autophagy, Mitophagy

Key Messages
* Cockroach allergen can induce autophagy and R@Bwvmay epithelial cells.
* There is a feedforward connection between cockraielgen-induced ROS and autophagy.
» Excessive activation of autophagy contributes tovay hyper-responsiveness, ROS generation,
and Th2-associated lung inflammation.

* ROS-activated CaMKII plays a role in downstreanutation of autophagy/mitophagy.

Capsule summary
Allergen-induced excessive activation of autophiaggirway epithelium leads to increased ROS
generation and release of pathogenic cytokinesifireoxidized CaMKII that may contribute to the

development of Th2-associated allergic airway mftaation and asthma.
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Abbreviations

CRE

AHR

ROS

mtROS

NAC

HBEC

BALF

CaMKll

ATG
3-MA

AMPK

PINK1

CaMKIIN

OPTN

Cockroach extract

Airway hyper-responsiveness

Reactive oxygen species

Mitochondrial ROS

N-Acetyl Cysteine

Human bronchial epithelial cell
Bronchoalveolar lavage fluid
Cd*/calmodulin-dependent protein kinase II

Autophagy-related gene

3- methyladenine
AMP-activated protein kinase

PTEN-induced putative protein kinase 1

Adenoviral transduction with the CaMKpkptide inhibitor

Optineurin.
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INTRODUCTION

Autophagy is an important homeostatic process highwttamaged proteins and organelles are
captured by autophagosomes and taken to lysosamdedradation during cellular strésStudies
have demonstrated autophagy participation in infleory diseases including astifnfalncreased
autophagy has been observed in sputum granulo@geapheral blood cells, and peripheral
eosinophils from patients with severe asthnacreased autophagy has also been associated with
asthma immune mechanisms, extracellular matrix siépn, and airway remodeliig. It has been
reported that autophagy can be induced by reackygen species (ROS), which facilitate cellular
adaptation and diminish oxidative damagehese findings raise the possibility that allegenay
induce ROS as signaling molecules to initiate tloe@ss of the autophagic cycle. However, the
molecular mechanisms underlying the interplay betwROS and autophagy in the development of
asthma remain unclear.

The C&*/calmodulin-dependent protein kinase Il (CaMKIIgiserine/threonine-specific protein
kinase that is initially activated by binding céiletl calmodulin. Once activated by ¢/&almodulin,
CaMKII activity can be sustained, even aftef @zalmodulin unbinding by oxidation of regulatory
domain methionines 281/282 (ox-CaMKIl)ncreased expression of ox-CaMKIl has been cateell
with the severity of asthmaand airway epithelial mitochondrial CaMKII plaga important role in
mitochondrial ROS generation and allergic inflamiowf. We have previously demonstrated that
oxidant-resistant CaMKIl, due to knock in replacetef methionine 281 and 282 with valines on the
CaMKIlI6 isoform (MM-VVs), protects against cockroach allergen-induced B&t&ration and
airway inflammatioft". Recent studies suggested that CaMKII can regalatiephagy by directly
phosphorylating Beclin'f, a central player in the formation and maturatéautophagosont&
Beclin 1 also plays a critical role in the init@ti of mitophagy by facilitating parkin translocatito

mitochondria®. Mitophagy, also called mitochondrial autophaggswirst introduced by Lemastests
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al to describe the selective degradation of mitochiaray autophagy. Mitophagy can specifically
target damaged mitochondria for degradation to tamircellular homeostasfs The PTEN-induced
putative kinase 1 (PINK1) and Parkin-mediated pathtvas been recognized as a key regulatory
mechanism of mitophagy *

In the current study, we provided new evidence ¢ixaessive autophagy plays a critical role in
cockroach allergen-induced airway epithelial ROBegation, cytokine release, and subsequent
allergic airway inflammation. By investigating tbaderlying mechanisms, we revealed a feedforward
connection between cockroach allergen-induced R@Saatophagy in airway epithelia cells. Our
studies suggest that CaMKII is one of the key digggathways downstream to ROS, and that
ox-CaMKII regulates allergic lung inflammation aadtophagy/ mitophagy. We further identified
optineurin (OPTN) as a critical component in thgnaiing pathway regulating mitophagy that was
controlled by ox-CaMKII. Our data provide insiglis$o the development of allergic airway

inflammation in asthma.
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METHODS

Animal

All animal experimentations were carried out ustAg-week-old mice. C57BL/6J (WT, stock: 000664)

mice were purchased from the Jackson Laboratory KRabor, ME). ROS-resistant CaMKIlI-delta
(MM-VV 3) mutant mice with C57BL/6 background were provitbgdProfessor Mark Anderson at
Johns Hopkins University. Animals were maintained under specific pathogeze-€onditions at the
animal facility of the Johns Hopkins University $ohof Medicine. All experiments were carried out
with age- and gender-matched controls. The expatmherotocol was reviewed and approved by the

Institutional Animal Care and Use Committee of dlodns Hopkins University, Baltimore, MD.

Human lung tissues

Dr. Kollarik at the Johns Hopkins Asthma Centertblisgy laboratory provided paraffin-embedded
human airway sections from asthmatic and healttividuals. The Johns Hopkins Institutional

Review Board (IRB) has approved my study with aprapal number NA_00046988.

Cockroach Allergen-induced mouse model of asthma

Cockroach Allergen-induced mouse model of asthmagemerated as previously descriffeth some
cases, mice were treated with 3-methyadenine (3-BMng/kg, Sigma-Aldrich, St. Louis, MO) or
saline vehicle control by intraperitoneal admirastbn 2 h prior to every single challenge.

Airway hyper-responsiveness

Airway responsiveness was measured as previousbyided®.

Analysis of lung inflammation

Cockroach allergen-induced lung inflammation wateeined by the analyses of lung tissue
histology and inflammatory cells and cytokines inrizhoalveolar lavage (BAL) fluids as previously

described® 1%
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Enzyme -linked immunosor bent assay (EL1SA)

Levels of IL-4, IL-5, IL-13, IL-17, IL-10, TGBE1, TSLP, IL-33, and IL-25 were measured by ELISA
with Ready-Set-Go! ELISA Kits (ThermoFisher) acdogito the manufacturer’s instructions. Serum
levels of allergen specific IgE and IgG1 were asalyzed by ELISA as previously described

I mmunofluorescence staining

Immunofluorescence staining was performed as pusijaeportetf. Primary antibodies are provided
in the Online Repository (Table E1). Fluorescendifpee cells or positive staining of tissue secsion
were quantified in at least four different high-pawields (HPFs) per slide or lung section using Fi
ImageJ v2.00 (NIH) and presented as mean fluorésaemsity per square micrometer.

Western blotting

Western blotting was carried out as previously deed™. Primary antibodies are provided in the
Online Repository (Table E1).

Quantitative RT-PCR

Quantitative RT-PCR (qRT-PCR) was performed as iptesly reportedf. Primer sequences are
provided in the Online Repository (Table E2).

Assessment of intracellular ROS production

Intracellular ROS were detected using the genermlinaitochondria-specific oxidative sensitive
fluorescent dyes CM-HDCFDA (ThermoFisher) and MitoSOX Red (ThermoFislee previously
reported’.

Transfection of GFP-LC3 and CaMKIIN into airway epithelial cells

EGFP-LC3 was a gift from Karla KirkegadfdApproximately 3.0x1DHBECs were seeded onto a
6-well tissue culture plate for 24 h prior to triagdion with a plasmid expressing EGFP-LC3 or empty
vector (EGFP-EV) control using FUGENE 6 TransfattfReagent (Promega) following the

manufacturer’s instructions. Similarly, Adenovireentaining the cDNA for mitochondrial-targeted
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GFP (Mt-GFP, empty vector) or Mt-CaMKIIN (both @2 MOI) were transfected for 24 h.
Transfection efficiency was assessed by GFP expressing flow cytometry.

Mitochondrial respiration

Mitochondrial respiration was determined by measyaxygen consumption rates (OCRS) with
Seahorse extracellular flux assay kit (Agilent)aoseahorse XF96 Extracellular Flux Analyzer,
according to the manufacturer's protocol. BridiBECs were plated onto wells of a 1% gelatin
coated XF96 plate for 24 h, and then treated wRE@r PBS control for 48 h. Oxygen consumption
rates (OCR) were measured using the mitochondredstest procedure in DMEM containing 10 mM
glucose, 4 mM L-glutamine, and 2 mM sodium pyruwaitth pH 7.4. After calibration of the sensor
cartridge, the XF96 plate was placed into the seshiostrument and OCR was measured as p mole
per minute per cell. Analysis of mitochondrial ftino was made using changes in OCR in the
presence of 1.0 uM oligomycin (inhibits mitochomdlATP synthase), 1.0 uM FCCP (uncoupler), 0.5
uM Rotenone and Antimycin A (inhibits both complearid IlI).

Mitophagy detection

HBECs were transfected withpty of plasmid expressing the mitochondrially target@ima
(MT-mKeima-Red, addger@)using FUGENE 6 Transfection Reagent (Promega)vi@t by
treatment with CaMKIIN or GFP control. The fluorest protein Keima has an excitation spectrum
that changes according to pH. A short wavelengdl® @m) is predominant for excitation in a neutral
environment, whereas a long wavelength (586 nmpjadominant in an acidic environment that occurs
when mitochondria are fused with lysosomes. Mitagphaas quantified through the difference in
fluorescent wavelengths [586 nm (green) /440 nmh)[feom obtained images using Fiji ImageJ
v2.00-rc-69/1.52p (NIH). Nuclear staining was ocadrout using 0.hg/ml of Hoechst 33258
(ThermoFisher).

Statistical analysis
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All data were analyzed with Graph Pad Prism staissoftware program (GraphPad Software, La
Jolla, CA) and are expressed as mean £ SEM. $tatistgnificance for normally distributed samples
was assessed by an independent two-tailed Studéessor one-way analysis of variance (ANOVA)

followed by Turkey’s post-hoc test.I2<0.05 was considered statistical significance foamalyses.
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11
RESULTS
Cockroach allergen induces autophagy in human airway epithelial cellsand asthmatic lung
tissues
To determine whether cockroach allergen (CRE) exygosan elicit autophagy, the expression of
autophagy-associated genes was detected in CRiEedreaman bronchial epithelial cells (HBECs).
Western blot analysis illustrated a dose-depenigeloiction of autophagy by CE treatment in HBECs,
as assessed by the ratio of microtubule-assoqutedin 1A/1B-light chain 3 (LC3) (Fig 1, A and B).
Consistently, a dose-dependent increase in theession of ATG5 and decrease in p62 were detected
in the CRE-treated HBECs. The results were furtihafirmed by RT-PCR (Fig E1, A). To visualize
the induction of autophagy, we transfected a GFB-t@nstruct in HBECs and imaged GFP-LC3
after CRE treatment (20 g/ml). As shown in Fig 1th@ autophagy induction by CRE was increased
as monitored by the number of LC3 puncta. In linthhe finding, cockroach allergen-induced
epithelial activation was observed as assesseleoyptreased levels of TG, IL-25, and IL-33 in
supernatants (Fig 1, D). Furthermore, to deterrtfieerole of autophagy in the pathogenesis of asthma
we detected the expression of autophagy markeheitung tissues of patients with asthma and
healthy controls by immunofluorescent stainingeipected, there was a signficant increase in the
expression of LC3B and ATGS5 in the lung tissueasthmatic patients compared with healthy controls
(Fig 1, E and F). We also examined the expresdiduc@b and Atg5 in the lung tissues of mouse
model of asthnfd ?* Consistently, CRE-treated mice showed signifigaintreased expression of
Lc3b in the lung tissues (Fig E1, B and C). ThelLe&s predominantly expressed in the airway
epithelium as assessed by the co-localization 8bland epithelial cell marker EpCAM. Similarly,
increased expression of Atg5 was observed in thg fissues of these mice (Fig E1, B and D).
Together, these data indicate that cockroach @&feogn induce autophagy in primary airway epithelia

cells and lung tissues of asthmatic patients arog mi
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12
Inhibition of autophagy suppr esses allergen-induced airway hyper -r esponsiveness and lung
inflammation
Next, we investigated the role of autophagy in coakh allergen-induced airway
hyper-responsiveness (AHR) aloehg inflammation by using autophagy inhibitor 3-M\our acute
mouse model of asthma following the protocol iltagtd in Fig 2, A. 3-MA is a class Il group of
phosphoinositide 3-kinase (PI3K) inhibitors thas een widely used as autophagy inhiBitor
Compared to controls, CRE challenge induced areas®d airway resistance, which was attenuated by
3-MA treatment (Fig 2, B). Consistent with our pms finding$” %1 CRE challenge increased airway
inflammation compared to PBS treatment. When tiRE-challenged mice were pre-treated with
3-MA, the increased lung inflammation was signifitg abrogated. Specifically, 3-MA treatment
suppressed cockroach allergen-induced peribrongtiiammation (H&E) and goblet cell hyperplasia
(PAS) (Fig 2, C and D). Moreover, these 3-MA-trelateice showed a marked reduction in the number
of total inflammatory cells, particularly eosinofshin the BAL fluids(Fig 2, E). Serum levels of
cockroach allergen specific IgE and 1gG1 (sIgE slgd51) were also reduced in 3-MA-treated mice
(Fig 2, F). Furthermore, mice treated with 3-MA wfed reduced IL-4, IL-5, IL13 and TGF%, but
unchanged IL-1a and IL-10 levels in the BAL fluids (Fig 2, G). Téeresults provide evidence that
inhibition of autophagy can prevent cockroach gherinduced Th2 inflammation. Additionally, 3-MA
treated mice also showed reduced levels of epaheérived cytokines TR, IL-33, and TSLP in
the BAL fluids (Fig E2, A), which were further supped byin vitro analyses of 3-MA treated

CRE-challenged HBECs (Fig E2, B).

Feedforward connection between cockroach allergen-induced ROS and autophagy
Recent studies have suggested a cross talk be®@8rand autophagy®. Thus, we asked whether

inhibition of autophagy could suppress ROS genamat our mouse model of asthma. Indeed, we
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13
found increased ROS expression in the lung tisetIERE-treated mice (Fig 3, A and B), which was
abolished when these mice were pre-treated withA3-Mhe results were further supportedibyitro
analyses of intracellular and mitochondrial ROSdpiciion. Compared to untreated cells, CRE-treated
HBECSs displayed increased mitochondrial ROS asctereby immunostaining for the co-localization
of MitoSOX, a fluorescent mitochondrial ROS repodge, with MitoTracker green (Fig 3, C and D).
Of note, the increased mitochondrial ROS were Sgamtly inhibited by 3-MA. Similar patterns were
observed when intracellular ROS were detecteddw @ytometry with CM-H2DCFDA (Fig 3, E and
F). These findings suggest that inhibition of attagy can suppress cockroach allergen-induced ROS
generation, particularly mitochondrial ROS.

In contrast, we investigated whether ROS can régifee activation of autophagy by using
antioxidant NAC or mitochondrial-targeted antioxitdditoTEMPO. Compared to media control,
CRE treatment led to an increase in the expresgit@3 and ATG5 as detected by Western blot (Fig
3, G and H), which were significantly inhibited bigher NAC or MitoTEMPO. In contrast, the
CRE-induced decrease in p62 was fully recovereditmer NAC or MitoTEMPO treatment.
Compared to CRE, no clear autophagy induction veaemwed for either NAC or MitoTEMPO (Fig
E3, A and B). Collectively, these data suggestedfierward connection between cockroach

allergen-induced ROS and autophagy.

Cockroach allergen induces mitochondrial CaMKI1 oxidation in airway epithelial cells

Our previous studies suggested a critical rolea¥i&ll oxidation in mast cell activation and the
development of asthritaHere, we examined whether cockroach allergerirmuce CaMKI|

oxidation in airway epithelial cells. HBECs weredted with CRE at different concentrations for 24 h
and expression of ox-CaMKIl was detected by immteiosig. We found a dose-dependent increase

in the expression of ox-CaMKIl in HBECs after CREatment (Fig E4, A and B). Furthermore, the
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14
increased ox-CaMKII was predominantly localizedrnitochondria as stained with TOM20, a specific
marker for mitochondria. Our results indicate tb@atkroach allergen can induce CaMKII oxidation,

specifically in mitochondria.

ROSresstant CaMKI1 prevents allergen-induced autophagy

To better understand the role of ox-CaMKII in asthave used an oxidant-resistant CaMKII

MM-VV § (Fig 4, A) to generate a mouse model of astfifia Histological analysis demonstrated an
increased expression of ox-CaMKII in cockroachrgha-induced mouse model of asthma,
particularly in the airway epithelial cells, by oomunostaining of ox-CaMKIl and EpCaM (Fig 4, B
and C). As expected, ox-CaMKII expression was atronompletely absent in the CaMKIl MM-\&/
mice. Furthermore, these mice showed protectiomag&RE-induced peribronchial inflammation
(H&E) and goblet cell hyperplasia (PAS) (Fig E5ard B). These CaMKIl MM-V¥ mice also
showed less total inflammatory cells, particulabdsinophils, in the BAL fluidéFig E5, C). We next
investigated an un-explored link between CaMKIIdation and autophagy in allergic asthma.
Compared to PBS, CRE-treated WT mice showed ineckaspression of Lc3b in the airways (Fig 4,
D and E), which was attenuated in CaMKIl MM-¥Vhice. CRE-induced expression of Atg5 in the
airways was similarly attenuated in the CaMKII MM#¥ mice (Fig 4, D and F). In contrast, p62
expression was reduced in CRE-induced WT miceinauéased in CaMKII MM-V\8 mice (Fig 4, D
and G). These findings were further supported WPRR (Fig E5, D) and Western blot analyses (Fig
4, H and 1). Collectively, these data suggest @a¥IKll oxidation may regulate cockroach

allergen-induced lung inflammation and autophagy.

Inhibition of mitochondrial CaM K1 suppr esses autophagy

To confirm the role of CaMKIl in regulating autofgya we investigated whether inhibiting
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mitochondrial CaMKII can affect cockroach allergeduced autophagy. HBECs were infected with
adenovirus containing a mitochondrial-targetedbitbr peptide CaMKIIN (Mt-CaMKIIN) or control
adenovirus and confirmed by immunostaining (Fig&&nd B). We found that CRE exposure
increased both LC3 and ATGS5, but decreased p6BiBCt as detected by immunostaining (Fig E6,
C and D). However, the increased expression of &@BATGS5 and decreased p62 were reversed in
HBECSs pre-transduced with Mt-CaMKIIN. Similar obgations were also made by Western blot
analysis (Fig 5, A and B). Thus, the data suppetew@ that mitochondrial CaMKII regulates
autophagy in bronchial epithelial cells.

We also explored the further downstream signal oubés that mediate CaMKII regulated
autophagy. CaMKII has been shown to regulate aagypby directly phosphorylating Beclift’l
Consistent with this finding, CRE induced an inse@ the phosphorylation of Beclin 1, which was
reversed by Mt-CaMKIIN treatment (Fig 5, C and Byrthermore, we tested several significant
signaling molecules [e.g., AMPK, mTOR] that ardicail in the initiation of autophagosofieSimilar
to Beclin 1, CRE induced an increase in the phoggéiion of AMPK (p-AMPK) and a decrease in
the phosphorylation of mMTOR (p-mTOR). Of interésg CRE-induced increase in p-AMPK and
decrease in p-mTOR were reversed by Mt-CaMKIIN.réfere, CaMKIl may play a critical role in

cockroach allergen-induced initiation of autophagos via multiple signaling pathways.

Inhibition of mitochondrial CaM K11 protects against allergen-induced mitochondrial respiration
Elevated levels of mitochondrial ROS may lead ttoohondrial dysfunction. We investigated oxygen
consumption rate (OCR) in CRE-treated HBECSs, arcatdr of mitochondrial respiration, as
illustrated in Fig 6, A. Basal and maximal respoaf ATP production, and spare respiration capacity
were measured in HBECs after 48 hours of CRE treatrfiFig E7, A). Compared to control cells,

CRE-challenged cells showed substantially decrebasadl respiration rate and ATP production, and



324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

16
increased Hleak after blocking the proton channel subunibFthe ATP synthase with oligomycin
(FIG E7, B). Maximal respiration elicited by FCQ@#ich discharges the pH gradient across the inner
mitochondrial membrane, was also substantially aw€RE-treated HBECs. Similar patterns were
observed for the spare respiration capacity. We in@estigated the potential effects of ox-CaMKil o
cockroach allergen-induced mitochondrial respiraby pre-treating HBECs with Mt-CaMKIIN as
illustrated in Fig 6, B. Pre-treatment of HBECshwMt-CaMKIIN reversed the CRE-induced
reduction in basal and maximal respiration, ATRjpiction, and spare respiration capacity in HBECs
(Fig 6, C). Together, these data align with presistudie®’ indicate that inhibition of mitochondrial

CaMKII protects against allergen-induced mitochaaddtysfunction in airway epithelial cells.

Inhibition of mitochondrial CaM K11 suppresses cockroach aller gen-induced mitophagy

Next, we examined the cockroach allergen-inducadphagy usingnitochondrially targeted
Keima-Red (MT-mKeima-Red3, which can track the mitochondrial delivery todgsmes (Fig 7, A).
HBECs were transfected with plasmid MT-mKeima-Red then treated with CRE or PBS. The
mitochondria-localized MT-mKeima-Red was displayedRE, but not in PBS-treated HBECs (Fig 7,
B), indicating an induction of mitophagy by cockeballergen. We next investigated whether the
inhibition of mitochondrial CaMKII can affect coakach allergen-induced mitophagy. HBECs were
transduced with the inhibitory peptide CaMKIIN, thieansfected with plasmid MT-mKeima-Red. As
expected, Mt-CaMKIIN significantly inhibited CREdanced mitophagy (Fig 7, C). Furthermore, we
examined whether inhibition of mitochondrial CaMKHn affect cockroach allergen-induced
epithelial cytokine release. We found higher lexdI$GF1, IL-25, IL-33, and TSLP in
supernatants of CRE-treated HBECs as compareditoot® (Fig 7, D), whereas TQE, IL-25 and
TSLP, but not IL-33, were significantly reducedvit-CaMKIIN-transfected HBECs. Thus, these

findings suggest that inhibition of mitochondriadl@KIl suppresses cockroach allergen-induced
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mitophagy and cytokine release in the airway epaheells.

Inhibition of mitochondrial CaM K11 suppressed mitophagy through controlling OPTN

Lastly, we explored the underlying mechanisms bictvimitochondrial CaMKII regulates mitophagy.
We found that CRE stimulated an increase in theesgion of ULK1, PINK1 and PARKIN, the most
studied pathways for autophagy. These increaseegsipns were suppressed in HBECs transfected
with Mt-CaMKIIN (Fig 8, A). Furthermore, Western blot analyses showed aaipdttern for the
expression of PINK1 and PARKIN (FIG E8, A and Bptdeurin (OPTN), one of the ubiquitin
binding autophagy receptors, was enhanced by Gédntient, whereas this enhancement was
abolished by Mt-CaMKIIN (Fig 8, A To confirm the involvement of OPTN in cockroach
allergen-induced mitophagy, we transfected a GibeHad OPTN in HBECs. HBECs treated with
CRE showed the recruitment of OPTN-GFP to fragntemeochondria as assessed by the robust
co-localization of OPTN-GFP with MitoTracker (FigB and G and OPTN was stably enriched in
over 50% of mitochondria (Fig 8, D). Of note, tleenuitment of OPTN-GFP to the fragmented
mitochondria was inhibited by Mt-CaMKIIN. Furtherneo we explored the role of OPTN in
cockroach allergen-induced mitophagy by OPTN knogkdin HBECs. As expected, knockdown of
OPTN attenuated the CRE-induced mitophagy in HBEZ$8, E and F). These results suggest that

OPTN is involved in the CaMKII-regulated cockroatergen-induced mitophagy
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DI SCUSSION
In the present study, we examined whether cockrallelgen, one of the major triggers for developing
asthma, can induce autophagy in the airway ep#éthedils and explored the role of autophagy in
cockroach allergen-induced airway inflammation aadinderlying mechanisms.

Ourin vivo results demonstrated that autophagy was increagbd lung tissues of cockroach
allergen-treated mice, particularly in the airwaytieelium of these mice. Furtharvitro analysis in
the human airway epithelial cells revealed thaittreent with cockroach allergen led to increased
autophagy as indicated by the increased LC3 andbAdital decreased p62 expression. Importantly, by
visualizing autophagosome formation in real timéva cells using GFP-LC3, a mammalian
expression vector containing the human LC3 genedfas its 5’ end to the GFP gene, we found a
time-dependent increase in the number of autoploages in the airway epithelial cells exposed to
cockroach allergen. These results demonstrateddic&toach allergen could directly stimulate
autophagy in airway epithelial cells. Although wainly focused on airway epithelial cells, which are
the first line of defense against environmentalytahts and allergens, cockroach allergen could als
induce autophagy in other structural and immunis.c@ur results support previous findings on the
association of autophagy with asthma and providééun evidence that environmental allergens can
induce autophagy that may contribute to epithelkdl cytokine release and subsequent airway
inflammation and asthma.

Despite of the increased autophagy in asthma,xhet eole of autophagy in asthma remains still
poorly understood. Our findings indicate that intim of autophagy using 3-MA, a widely used
autophagy inhibitor that can block the formatioraafophagosome, significantly attenuated AHR and
lung eosinophilic inflammation and levels of Th2akines. These results suggest that blockage of
autophagy may prevent cockroach allergen-induce® AHd Th2-associated inflammation. Recent

studies showed very similar results that treatraetiit 3-MA suppressed ovalbumin (OVA)-induced
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390  eosinophilia, lung inflammation, oxidative stresstochondrial damage, and eosinophil extracellular
391  traps formation in asthma Furthermore, inhibition of autophagy attenuatezl®VA-induced airway
392 epithelial fibrosid® and HDM-induced airway inflammation, airway hypesponsiveness, and
393 features of airway fibrosis and remodefinghese findings implicated that autophagy coulalcexbate
394  asthma. However, autophagy may also have a pre¢ectechanism given that autophagy is a key
395  homeostatic process in which cytosolic componer@siagraded and recycled through lysosomes. For
396  example, autophagy deficient mice (a’f@ﬁd atg'/’) develop spontaneous sterile lung inflammatipn

397  and deficiency of cell specific autophagy (e@D11C-Cre:Atg5™", ER-Cre: Atg7""

) results in

398 increased airway inflammation and airway hyper-igag 234 The reasons for the dual roles of

399  autophagy in asthma remain unclear. It is postdldtat autophagy may have a protective role in
400  maintaining homeostasis at baseline or excessivghagy during acute infection may become

401 detrimental in a prolonged exposure to environmeniutants/allergens or inflammatith

402 Furthermore, autophagy may play distinct rolesiffeent cell types, thereby leading to different
403 phenotypic changes.

404 Increased ROS have been shown to cause airwayiagdiamage and be associated with severity
105 of asthma®2. We have previously shown that environmental g#es can induce ROS, which are
406 primary mediators to induce airway epithelial cytekrelease (e.g., TSLP, IL-33)*° Similarly, ROS
407 have been considered as a key checkpoint resperisiblL-33 release from damaged airway

408 epithelium®. Another important role of ROS is to activate aitagy, and that persistent ROS

409  over-production results in the dysregulation obaliagy, leading to airway epithelial cell damage,
410  inflammatory cytokine release, and exacerbatioallefgic inflammation in asthma. Thus, an

411 attractive hypothesis would be that ROS, as siggatolecules, might contribute to epithelial barrie

412 dysfunction, cytokine release, and allergic airwdlammation through activating autophagy. Indeed,

413 we found that cockroach allergen-induced autopltagybe blocked by either antioxidant NAC or
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mitochondrial-targeted antioxidant MitoTEMPO, sugfiieg that ROS, particularly mitochondrial ROS,
may be critical in cockroach allergen induced ah&gy. In contrast, autophagy can also regulate ROS
generation. Autophagy is generally thought to edimte intracellular sources of ROS; however,
prolonged activation of autophagy or impaired abtgy under a disease state may promote ROS
productiof’. Indeed, we found that inhibition of autophagypessed cockroach allergen-induced
ROS generation in a mouse model of asthma anceiprimary airway epithelial cells. Together, these
studies suggest a pathological feedforward conmedtetween ROS and autophagy in airway
epithelium that may exacerbate cytokine releasedadiargic airway inflammation in asthma.

Our study also provides more detailed moleculariraeisms underlying ROS-autophagy
interplay. It was suggested that ROS can inducepdatgy by directly oxidizing autophagy-related
proteing®. CaMKII has been suggested to be one of the lgnating pathways downstream to ROS
and can be activated to be oxidized CaMKfl We have previously suggested a strong associttion
ox-CaMKII with asthm& ™. Our current studies demonstrated a novel rolexe€aMKill in
cockroach allergen-induced autophagy. First, cadtiallergen can induce the expression of
ox-CaMKIl in HBECs. Next, the increased ox-CaMKIasgvsignificantly abrogated by NAC or
MitoTEMPO, indicating that cockroach allergen coudduce ox-CaMKII though ROS generation and
mitochondrial ROS. Furthermore, ox-CaMKIl may seagea key signaling molecule that contributes
to cockroach allergen-induced lung inflammation antbphagy. Especially, CaMKIl MM-V¥ mice
showed reduced lung inflammation and autophagymparison to wild type controls. This raises the
possibility that the reduced inflammation may be tluthe reduced autophagy in CaMKIl MM-¥V
mice and further suggests that ox-CaMKIl may beoaii in cockroach allergen-induced autophagy
and subsequently airway inflammation and asthma.

To identify the underlying mechanisms by which CaWegulates autophagy, we tested several

key signaling molecules [e.g., Beclilf IAMPK***> mTOR™ *q for autophagy activation and
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determined whether CaMKIl is involved in controtlitheir expression. Of these signaling molecules,
Beclin 1 was directly phosphorylated by CaMKII tmmote K63-linked ubiquitination of Beclin 1
and activation of autophatfy We found that inhibition of CaMKII could atteneatockroach
allergen-induced phosphorylation of Beclin 1, supipg that CaMKII may play a role in cockroach
allergen-induced autophagy through phosphorylatgidBdeclin 1. Similar effects were observed for the
phosphorylation of AMPK and mTOR. Additionally, C&WU may regulate autophagy through other
signaling molecules. For example, several transongdactors (e.g., p53, Forkhead box O3
(FOXO3Y", Transcription Factor EB (TFE#) and histone modifications (histone H4K16 acetylat
H3K9 dimethylation, and H3K27 trimethylatidiihave drawn attention in regulating autophagy.

Mitochondria are critical in maintaining cellulaotneostasis, and the clearance of damaged or
depolarized mitochondria are through mitopHagy. Mitophagy is a selective degradation of
mitochondria by autophady It often happens to the damaged mitochondriafiig the exposure to
environmental pollutants/allergens or stress. Oefecemoval of damaged mitochondria can induce
hyper-activation of inflammatory signaling pathwalgading to chronic inflammation. Both enhanced
and impaired mitophagy have been associated witAEZ&nd lung fibrosi °2 Our current studies
provide evidence that cockroach allergen can leaditochondrial dysfunction with decreased basal
and maximal respiration and ATP turnover rate, tad inhibition of mitochondrial CaMKII can
reverse this process. Furthermore, we demonsttiaé¢dockroach allergen can induce mitophagy, and
the epithelial mitochondria-targeted inhibition@&MKII significantly suppressed cockroach
allergen-induced mitophagy. Collectively, theseadatggest that mitochondrial CaMKIl may
contribute to the cockroach allergen-mitochondttigfunction and mitophagy.

Pink1- and Parkin-mediated mitochondrial autophagyurrently the most well established
molecular mechanism for the regulation of mitophaggnammalian celf§ ®% Active PINK1

accumulates on the outer mitochondrial membraneNQM recruit Parkin to damaged mitochondria,
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resulting in the phosphorylation and activatioriPafkin. The activated Parkin triggers the
poly-ubiquitination of several OMM proteins, whictteract directly with LC3 to regulate
mitochondrial elimination. Studies have also sutgpksther proteins that are involved in the
molecular regulation of mitophagy, such as Nip&grotein X (NIX), BCL2 interacting protein 3
(BNIP3), and Fun14 domain-containing protein 1 (UML) > >* In this study, we suggest one of
the novel mechanisms that CaMKIl modulates mitogttagough regulating OPTN, an ubiquitin
binding autophagy receptor. OPN can bind both ubmand LC3 to target ubiquitinated substrates to
newly forming autophagosomes for the autophagiaralece of damaged mitochondri®ur studies
demonstrated that cockroach allergen can inducestireitment of OPTN to fragmented mitochondria,
and OPTN knockdown protects against cockroachggherduced mitophagy. Thus, one of the
potential mechanisms could be that CaMKIl regulatésphagy through regulating OPTN. However,
future studies are needed to explore the mechari@mes-CaMKIl-regulated OPTN and mitophagy.

In summary, we have provided evidence for the firsé that cockroach allergen induces
autophagy in airway epithelial cells. Inhibitionaidtophagy suppresses cockroach allergen-induced
AHR, airway epithelial cytokine release, and Th2easated lung inflammation. Most importantly, we
found that there is a feedforward loop between mmath allergen-induced ROS generation and
autophagy, and identified CaMKIl as a linkage maledhat is activated by ROS and lead to
downstream regulation of autophagy/mitophagy. Wthér revealed one of the novel mechanisms that
CaMKII modulates mitophagy through regulating OPTNese results suggest an
allergen-ROS-ox-CaMKII-mitophagy axis in the deywteent of allergic airway inflammation, and

CaMKII may be an attractive therapeutic targetasthma.
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FIGURE LEGENDS
FIG 1. Cockroach allergen induces autophagy in humawegiepithelial cells and asthmatic lung
tissuesA, Western blot analysis of LC3-1, LC-3Il, ATG5, anf2%in HBECSs treated with cockroach
extract (CRE) at different concentrations for ${actin was measured as the loading conBol.
Quantitative analysis of\) (n=4).C, Representative immunofluorescence images of HBECs
expressing GFP-LC3 after CRE treatment (20pg/mbj,the average number of puncta per cell was
analysed in PBS and CRE-treated group (n=12, nuofiqauncta per cell from four different
high-power fields (HPFs) of three independent expents).D, Quantitative analysis of IL-25, IL-33,
and TGIB1 levels in supernatants of PBS or CRE-treated HB#BC4h (n=4-8)E, Representative
immunofluorescence images of LC3B and ATG5 expoessi lung tissues from asthmatics (n=5) and
healthy controls (n=5}, Quantitative analysis oE{). Data represent mean + SEM<0.05, **p
<0.01, ***p<0.001.
FIG 2. Inhibition of autophagy suppresses allergen-inddeed inflammationA, Protocol for
cockroach allergen-induced mouse model of asthrtizeipresence or absence of 3-MA during the
challenge phase. B, Lung resistance in responseit@asing concentrations of methacholine using the
forced oscillation technique (FlexiVent, SCIREQ¥@). C, Histological examination of mouse
paraffin lung sections stained with hematoxylin @odin (H&E, upper panel) and Periodic acid—Schiff
(PAS, lower panel) stainin@, Percentage of PASarea among total lung ardaBronchoalveolar
lavage (BAL) fluid total and differential (eosinaphmacrophage, neutrophil, and lymphocyte) cell
counts as assessed by flow cytomdnserum levels of cockroach allergen-specific IgH lyG1.G,
BAL fluid levels of cytokines. E-G, n=6-9. Data repent mean + SEM from two-independent
experiments. p<0.05, **p <0.01, ***p<0.001.
FIG 3. Feedforward connection between cockroach allergdneed ROS and autophady;

Representative immunofluorescence images of RO&ssion with dihydroethidium (DHE) in lung
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tissues from cockroach allergen-induced mouse mufdedthma treated with or without 3-MA (30
mg/kg,i.p.). B, Quantitative analysis of florescent signal in luisgue sections (n=8.,
Representative immunofluorescence images of mitadtia ROS expression with MitoSOX in
cockroach allergen-treated HBECs with or withol&- D, Quantitative analysis of florescent signal
in HBECs (n=8)E, Flow cytometry analysis of intracellular ROS protion with CM-H2DCFDA.F,
Quantitative analysis of flow cytometry data (n=6).Western blot analysis of LC3-I, LC-3lIl, ATG5,
and p62 expression in CRE-treated HBECs in theepiasor absence of either NAC or MitoTEMPO.
B-actin was measured as the loading conHiolQuantitative analysis of western blots. Data regmes
mean + SEM from two independent experimengs.0:05, **p <0.01, ***p<0.001.
FIG 4. ROS-resistant CaMKII prevents allergen-induced plodgy in asthma mouse mod&|.
Scheme of ROS-resistant CaMKII MM-\6281/282) mice generatioB, Representative
immunofluorescence images of ox-CaMKII expressgmedn) in the airway epithelial cells (EpCAM,
red) of CRE-induced mouse model of asthma with aifge (WT) or CaMKIl MM-VVs (MM-VV 3)
mice.C, Quantitative analysis of florescent signal (n=5B)Representative immunofluorescence
images of LC3B, Atg5, and p62 expression (redhendirway epithelial cells (EpCAM, red) of
CRE-induced mouse model of asthma with wild-typd{\or CaMKIl MM-VV 6 (MM-VV §) mice.
E-G, Quantitative analysis of florescent iD)(for LC3 (E), ATG5 (F), and p624G) in lung tissues of
CRE-induced mouse model of asthma with WT or MMé&JYice. n=6-8 from two independent
experimentsH, Western blot analysis of LC3-I, LC-3Il, ATG5, apf2 in lung tissues of
CRE-induced mouse model of asthma with WT or MMéJYlice.-actin was measured as the
loading controll, Quantitative analysis of western blots. Data regmemean £ SEM of two
independent experiment$<0.05, **p <0.01, **p<0.001
FIG 5. Inhibition of mitochondrial CaMKIl suppressed autagy.A, Western blot analysis of LC3-I,

LC-3Il, ATG5, and p62 in Empty-GFP or Mt-CaMKIINansfected HBECs with PBS or CRE
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treatmentf-actin was measured as the loading con(B)| Quantitative analysis of western blots
(n=3).C, Western blot analysis of p-AMPK, AMPK, p-BECLIN BECLIN 1, p-mTOR, and mTOR
expression in Empty-GFP or Mt-CaMKIIN transfecteBECs with PBS or CRE treatmefitactin
was measured as the loading contplQuantitative analysis of western blots. Data regmemean +
SEM of two independent experimentp<9.05, **p <0.01, ***p<0.001.

FIG 6. Inhibition of mitochondrial CaMKII protects agairatergen-induced mitochondrial
respirationA, Oxygen consumption rate (OCR) under basal conditiothowed by the sequential
measurements after addition of oligomycin, FCCtnone and antimycin A were determined by Mito
Stress tesB, HBECs were transfected with Mt-CaMKIIN and theratedl with CRE for OCR
measuremenC, Measurement of basal respiration, ATP productiofedk, maximal respiration, and
spare respiration capacity in CRE-treated HBEC3-8-Data represent mean + SEM of two
independent experimenis<0.05, **p <0.01, ***p<0.001.

FIG 7. Inhibition of mitochondrial CaMKIl suppressed cogcich allergen-induced mitophagy in
airway epithelial cellsA, Scheme of mitophagy detection withitochondrially targeted Keima-Red
(MT-mKeima-Red) B, Representative immunofluorescence images of métgphwvith

MT-mKeima-Red (red) and mitochondria (Mitotrackgireen) in Empty-GFP or Mt-CaMKIIN
transfected HBECs with PBS or CRE treatméntQuantitative analysis of florescent signals in
HBECs (n=10-18)D, Quantitative analysis of IL-25, IL-33, and T@&@Flevels in supernatants of in
Mock or CaMKIIN transfected HBECs with PBS or CREatment for 4h (n=4). Data represent mean
+ SEM. *p<0.05, **p <0.01, ***p<0.001).

FIG 8. Inhibition of mitochondrial CaMKII suppressed ophagy through controlling OPTI,

gPCR analysis of ULK1, PINK1, PARKIN, and OPTN imfaty-GFP or Mt-CaMKIIN transfected
HBECs with PBS or CRE treatment (n=B).Representative immunofluorescence images of HBECs

expressing OPTN-GFP after CRE treatment in thegpias or absence of Mt-CaMKIIN transfection.
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C-D, Number of OPTN foci@) and percentagd®) of OPTN-MitoTracker were quantified in PBS
and CRE-treated group. n=10-H.Representative images of mitophagy with MT-mKeiRed (red)
and mitochondria (Mitotracker, green) in LV-shRNAeslkk or LV-shRNA-OPTN transfected HBECs
with PBS or CRE treatmerft, Quantitative analysis of florescent signals in HBEG=16). Data

represent mean £ SEM from two independent expetsn&n<0.05, **p <0.01, ***p<0.001.
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