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Abstract

Background: Autophagy plays an important role in causing inflammatory responses initiated by
environmental pollutants and respiratory tract infection.

Obijective: We sought to investigate the role of cockroach allergen—induced excessive activation
of autophagy in allergic airway inflammation and its underlying molecular mechanisms.

Methods: Environmental allergen—induced autophagy was investigated in the primary human
bronchial epithelial cells (HBECs) and lung tissues of asthmatic mouse model and patients.

The role of autophagy in asthma development was examined by using autophagy inhibitor
3-methyladenine in an asthma mouse model. Furthermore, the involvements of reactive oxygen
species (ROS) and oxidized Ca2*/calmodulin-dependent protein kinase I (ox-CaMKI1) signaling
in regulating autophagy during asthma were examined in allergen-treated HBECs and mouse
model.

Results: Cockroach allergen activated autophagy in HBECs and in the lung tissues from
asthmatic patients and mice. Autophagy inhibitor 3-methyladenine significantly attenuated airway
hyperresponsiveness, Ty2-associated lung inflammation, and ROS generation. Mechanistically,
we demonstrated a pathological feedforward circuit between cockroach allergen—induced

ROS and autophagy that is mediated through CaMKII oxidation. Furthermore, transgenic

mice with ROS-resistant CaMKII MM-VV§ showed attenuation of T2-associated lung
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inflammation and autophagy. Mitochondrial ox-CaMKII inhibition induced by adenovirus
carrying mitochondrial-targeted inhibitor peptide CaMKIIN suppresses cockroach allergen—
induced autophagy, mitochondrial dysfunction, mitophagy, and cytokine production in HBECs.
Finally, mitochondrial CaMKII inhibition suppressed the expression of one of the key ubiquitin-
binding autophagy receptors, optineurin, and its recruitment to fragmented mitochondria.
Optineurin knockdown inhibited cockroach allergy—induced mitophagy.

Conclusions: Our data suggest a previously uncovered axis of allergen-ROS-ox-CaMKI|I-
mitophagy in the development of allergic airway inflammation and asthma.

Graphical Abstract

in asthma
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Autophagy is an important homeostatic process by which damaged proteins and organelles
are captured by autophagosomes and taken to lysosomes for degradation during cellular
stress.! Studies have demonstrated autophagy participation in inflammatory diseases
including asthma.2:3 Increased autophagy has been observed in sputum granulocytes,
peripheral blood cells, and peripheral eosinophils from patients with severe asthma.
Increased autophagy has also been associated with asthma immune mechanisms,
extracellular matrix deposition, and airway remodeling.> It has been reported that
autophagy can be induced by reactive oxygen species (ROS), which facilitate cellular
adaptation and diminish oxidative damage.’ These findings raise the possibility that
allergens may induce ROS as signaling molecules to initiate the process of the autophagic
cycle. However, the molecular mechanisms underlying the interplay between ROS and
autophagy in the development of asthma remain unclear.

The Ca?*/calmodulin-dependent protein kinase Il (CaMKI1) is a serine/threonine-specific
protein kinase that is initially activated by binding calcified calmodulin. Once activated by
Ca%*/calmodulin, CaMKII activity can be sustained, even after Ca2*/calmodulin unbinding
by oxidation of regulatory domain methionines 281/282 (oxidized Ca%*/calmodulin-
dependent protein kinase 11 [ox-CaMKI1]).8 Increased expression of ox-CaMKII has been
correlated with the severity of asthma,® and airway epithelial mitochondrial CaMKII plays
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an important role in mitochondrial ROS generation and allergic inflammation.1® We have
previously demonstrated that oxidant-resistant CaMKII, due to knock in replacement of
methionine 281 and 282 with valines on the CaMKI118 isoform (MM-VV8), protects
against cockroach allergen—induced ROS generation and airway inflammation.1! Recent
studies suggested that CaMKII can regulate autophagyby directly phosphorylating Beclin
1,12 a central player in the formation and maturation of autophagosome.13 Beclin 1 also
plays a critical role in the initiation of mitophagy by facilitating parkin translocation

to mitochondria.14 Mitophagy, also called mitochondrial autophagy, was first introduced
by Lemastersl to describe the selective degradation of mitochondria by autophagy.
Mitophagy can specifically target damaged mitochondria for degradation to maintain
cellular homeostasis.1® The PTEN-induced putative kinase 1 (PINK1) and Parkin-mediated
pathway has been recognized as a key regulatory mechanism of mitophagy.17:18

In the current study, we provided new evidence that excessive autophagy plays a critical

role in cockroach allergen—induced airway epithelial ROS generation, cytokine release, and
subsequent allergic airway inflammation. By investigating the underlying mechanisms, we
revealed a feedforward connection between cockroach allergen—induced ROS and autophagy
in airway epithelia cells. Our studies suggest that CaMKI|1 is one of the key signaling
pathways downstream to ROS and that ox-CaMKII regulates allergic lung inflammation and
autophagy/mitophagy. We further identified optineurin (OPTN) as a critical component in
the signaling pathway regulating mitophagy that was controlled by ox-CaMKII. Our data
provide insights into the development of allergic airway inflammation in asthma.

METHODS

Animal

All animal experimentations were carried out using 6- to 8-week-old mice. C57BL/6J
(wild-type, stock: 000664) mice were purchased from the Jackson Laboratory (Bar Harbor,
Maine). ROS-resistant CaMKII-delta (MM-VV§) mutant mice with C57BL/6 background
were provided by Professor Mark Anderson at Johns Hopkins University.11 Animals were
maintained underspecific pathogen-free conditions at the animal facility of the Johns
Hopkins University School of Medicine. All experiments were carried out with age- and sex-
matched controls. The experimental protocol was reviewed and approved by the Institutional
Animal Care and Use Committee of the Johns Hopkins University, Baltimore, Md.

Human lung tissues

Dr Kollarik at the Johns Hopkins Asthma Center Histology Laboratory provided paraffin-
embedded human airway sections from asthmatic and healthy individuals. The Johns
Hopkins Institutional Review Board has approved the study with approval number
NA_00046988.

Cockroach allergen—induced mouse model of asthma

Cockroach allergen—induced mouse model of asthma was generated as previously
described.® In some cases, mice were treated with 3-methyladenine (3-MA, 30mg/kg,
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Sigma-Aldrich, St Louis, Mo) or saline vehicle control by intraperitoneal administration 2
hours before every single challenge.

Airway hyperresponsiveness

Airway responsiveness was measured as previously described.1?

Analysis of lung inflammation
Cockroach allergen—induced lung inflammation was determined by the analyses of lung

tissue histology and inflammatory cells and cytokines in bronchoalveolar lavage (BAL)
fluids as previously described.1119-21

ELISA

Levels of IL-4, IL-5, IL-13, IL-17, IL-10, TGF-B1, TSLP, IL-33, and IL-25 were measured
by ELISA with Ready-Set-Go! ELISA Kits (ThermoFisher) according to the manufacturer’s
instructions. Serum levels of allergen specific IgE and IgG; were also analyzed by ELISA as
previously described.1®

Immunofluorescence staining

Immunofluorescence staining was performed as previously reported.1® Primary antibodies
are provided in Table E1 in this article’s Online Repository at www.jacionline.org.
Fluorescent positive cells or positive staining of tissue sections was quantified in at least

4 different hpfs per slide or lung section using Fiji ImageJ v2.00 (National Institutes of
Health) and presented as mean fluorescent intensity per square micrometer.

Western blotting

Western blotting was carried out as previously described.!! Primary antibodies are provided
in Table E1.

Quantitative RT-PCR

Quantitative RT-PCR was performed as previously reported.® Primer sequences are
provided in Table E2 in this article’s Online Repository at www.jacionline.org.

Assessment of intracellular ROS production
Intracellular ROS were detected using the general and mitochondria-specific
oxidative sensitive fluorescent dyes CM-H,DCFDA (ThermoFisher) and MitoSOX Red
(ThermoFisher) as previously reported.2°

Transfection of GFP-light chain 3 and CaMKIIN into airway epithelial cells

EGFP-light chain 3 (LC3) was a gift from Karla Kirkegaard.22 Approximately 3.0 x 10°
human bronchial epithelial cells (HBECs) were seeded onto a 6-well tissue culture plate for
24 hours before transfection with a plasmid expressing EGFP-LC3 or empty vector control
using FUGENE 6 Transfection Reagent (Promega) following the manufacturer’s instructions.
Similarly, adenovirus containing the cDNA for mitochondrial-targeted GFP (empty vector)
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or mitochondrial-targeted inhibitor peptide CaMKIIN (Mt-CaMKIIN) (both at 100 MOI)
were transfected for 24 hours. Transfection efficiency was assessed by GFP expression using
flow cytometry.

Mitochondrial respiration

Mitochondrial respiration was determined by measuring oxygen consumption rates (OCRs)
with Seahorse extracellular flux assay kit (Agilent) on a seahorse XF96 Extracellular Flux
Analyzer, according to the manufacturer’s protocol. Briefly, HBECs were plated onto wells
of a 1% gelatin-coated XF96 plate for 24 hours, and then treated with cockroach extract
(CRE) or PBS control for 48 hours. OCRs were measured using the mitochondrial stress
test procedure in Dulbecco modified Eagle medium containing 10 mM glucose, 4 mM
L-glutamine, and 2 mM sodium pyruvate with pH 7.4. After calibration of the sensor
cartridge, the XF96 platewas placed into the seahorse instrument and OCR was measured as
p mole per minute per cell. Analysis of mitochondrial function was made using changes in
OCR in the presence of 1.0 uM oligomycin (inhibits mitochondrial ATP synthase), 1.0 uM
FCCP (uncoupler), and 0.5 uM rotenone and antimycin A (inhibits both complex I and 111).

Mitophagy detection

HBECs were transfected with 1 pg of plasmid expressing the mitochondrially targeted
Keima (MT-mKeima-Red, addgene)23 using FUGENE 6 Transfection Reagent (Promega)
followed by treatment with CaMKIIN or GFP control. The fluorescent protein Keima has
an excitation spectrum that changes according to pH. A short wavelength (440 nm) is
predominant for excitation in a neutral environment, whereas a long wavelength (586 nm)

is predominant in an acidic environment, which occurs when mitochondria are fused with
lysosomes. Mitophagy was quantified through the difference in fluorescent wavelengths
(586 nm [green]/440 nm [red]) from images obtained using Fiji ImageJ v2.00-rc-69/1.52p
(National Institutes of Health). Nuclear staining was carried out using 0.5 pg/mL of Hoechst
33258 (ThermoFisher).

Statistical analysis

RESULTS

All data were analyzed with Graph Pad Prism statistical software program (GraphPad
Software, La Jolla, Calif) and are expressed as mean + SEM. Statistical significance for
normally distributed samples was assessed by an independent 2-tailed Student #test or a
1-way ANOVA followed by Turkey post hoc test. A Pvalue of less than .05 was considered
statistically significant for all analyses.

Cockroach allergen induces autophagy in human airway epithelial cells and asthmatic

lung tissues

To determine whether CRE exposure can elicit autophagy, the expression of autophagy-
associated genes was detected in CRE-treated HBECs. Western blot analysis illustrated

a dose-dependent induction of autophagy by CE treatment in HBECSs, as assessed by

the ratio of microtubule-associated protein 1A/1B-LC3 (Fig 1, A and B). Consistently, a
dose-dependent increase in the expression of autophagy-related gene (ATG)5 and decrease

J Allergy Clin Immunol. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 6

in p62 were detected in the CRE-treated HBECs. The results were further confirmed by
RT-PCR (see Fig E1, A, in this article’s Online Repository at www.jacionline.org). To
visualize the induction of autophagy, we transfected a GFP-LC3 construct in HBECs and
imaged GFP-LC3 after CRE treatment (20 pg/mL). As shown in Figure 1, C, the autophagy
induction by CRE was increased as monitored by the number of LC3 puncta. In line with
the finding, cockroach allergen—induced epithelial activation was observed as assessed by
the increased levels of TGF-p1, IL-25, and IL-33 in supernatants (Fig 1, D). Furthermore, to
determine the role of autophagy in the pathogenesis of asthma, we detected the expression
of autophagy markers in the lung tissues of patients with asthma and healthy controls by
immunofluorescent staining. As expected, there was a signficant increase in the expression
of LC3B and ATGS5 in the lung tissues of asthmatic patients compared with healthy controls
(Fig 1, E and F). We also examined the expression of Lc3b and Atg5 in the lung tissues of
mouse model of asthma.2%-24 Consistently, CRE-treated mice showed significantly increased
expression of Lc3b in the lung tissues (Fig E1, B and C). The Lc3b was predominantly
expressed in the airway epithelium as assessed by the colocalization of Lc3b and epithelial
cell marker EpCAM. Similarly, increased expression of Atg5 was observed in the lung
tissues of these mice (Fig E1, B and D). Together, these data indicate that cockroach allergen
can induce autophagy in primary airway epithelial cells and lung tissues of asthmatic
patients and mice.

INHIBITION OF AUTOPHAGY SUPPRESSES ALLERGEN-INDUCED AIRWAY
HYPERRESPONSIVENESS AND LUNG INFLAMMATION

Next, we investigated the role of autophagy in cockroach allergen—induced airway
hyperresponsiveness (AHR) and lung inflammation by using autophagy inhibitor 3-MA

in our acute mouse model of asthma following the protocol illustrated in Fig 2, A. 3-MA

is a class Il group of phosphoinositide 3-kinase inhibitors that has been widely used as

an autophagy inhibitor.2> Compared with controls, CRE challenge induced an increased
airway resistance, which was attenuated by 3-MA treatment (Fig 2, B). Consistent with

our previous findings,2%-21 CRE challenge increased airway inflammation compared with
PBS treatment. When these CRE-challenged mice were pretreated with 3-MA, the increased
lung inflammation was significantly abrogated. Specifically, 3-MA treatment suppressed
cockroach allergen—induced peribronchial inflammation (hematoxylin and eosin) and goblet
cell hyperplasia (periodic acid-Schiff) (Fig 2, C and D). Moreover, these 3-MA-treated
mice showed a marked reduction in the number of total inflammatory cells, particularly
eosinophils in the BAL fluids (Fig 2, E). Serum levels of cockroach allergen specific IgE and
1gG1 (sIgE and slgG1) were also reduced in 3-MA-treated mice (Fig 2, F). Furthermore,
mice treated with 3-MA showed reduced IL-4, IL-5, IL-13, and TGF-B1, but unchanged
IL-17a and IL-10 levels in the BAL fluids (Fig 2, G). These results provide evidence

that inhibition of autophagy can prevent cockroach allergen—induced T2 inflammation. In
addition, 3-MA-treated mice showed reduced levels of epithelial-derived cytokines TGF-B1,
IL-33, and TSLP in the BAL fluids (see Fig E2, A, in this article’s Online Repository at
www.jacionline.org), which were further supported by /n vitro analyses of 3-MA-treated
CRE-challenged HBECs (Fig E2, B).
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Feedforward connection between cockroach allergen—induced ROS and autophagy

Recent studies have suggested a cross-talk between ROS and autophagy.’-26 Thus, we asked
whether inhibition of autophagy could suppress ROS generation in our mouse model of
asthma. Indeed, we found increased ROS expression in the lung tissues of CRE-treated
mice (Fig 3, A and B), which was abolished when these mice were pretreated with 3-MA.
The results were further supported by /n vitro analyses of intracellular and mitochondrial
ROS production. Compared with untreated cells, CRE-treated HBECs displayed increased
mitochondrial ROS as detected by immunostaining for the colocalization of MitoSOX, a
fluorescent mitochondrial ROS reporter dye, with MitoTracker green (Fig 3, C and D).

Of note, the increased mitochondrial ROS were significantly inhibited by 3-MA. Similar
patterns were observed when intracellular ROS were detected by flow cytometry with
CM-H2DCFDA (Fig 3, E and F). These findings suggest that inhibition of autophagy can
suppress cockroach allergen—induced ROS generation, particularly mitochondrial ROS.

In contrast, we investigated whether ROS can regulate the activation of autophagy by using
antioxidant Atacetyl cysteine (NAC) or mitochondrial-targeted antioxidant MitoTEMPO.
Compared with media control, CRE treatment led to an increase in the expression of

LC3 and ATGS5 as detected by Western blot (Fig 3, G and H), which were significantly
inhibited by either NAC or MitoTEMPO. In contrast, the CRE-induced decrease in p62 was
fully recovered by either NAC or MitoTEMPO treatment. Compared with CRE, no clear
autophagy induction was observed for either NAC or MitoTEMPO (see Fig E3, A and B,

in this article’s Online Repository at www.jacionline.org). Collectively, these data suggest a
feedforward connection between cockroach allergen—induced ROS and autophagy.

Cockroach allergen induces mitochondrial CaMKII oxidation in airway epithelial cells

Our previous studies suggested a critical role of CaMKII oxidation in mast cell activation
and the development of asthma.l1 Here, we examined whether cockroach allergen can
induce CaMKI|I oxidation in airway epithelial cells. HBECs were treated with CRE at
different concentrations for 24 hours, and expression of ox-CaMKII was detected by
immunostaining. We found a dose-dependent increase in the expression of ox-CaMKI|I in
HBECSs after CRE treatment (see Fig E4, A and B, in this article’s Online Repository at
www.jacionline.org). Furthermore, the increased ox-CaMKII was predominantly localized
in mitochondria as stained with TOM20, a specific marker for mitochondria. Our results
indicate that cockroach allergen can induce CaMKII oxidation, specifically in mitochondria.

ROS-resistant CaMKII prevents allergen-induced autophagy

To better understand the role of ox-CaMKII in asthma, we used an oxidant-resistant

CaMKIl MM-VVS (Fig 4, A) to generate a mouse model of asthma.20-24 Histological
analysis demonstrated an increased expression of ox-CaMKII in cockroach allergen—induced
mouse model of asthma, particularly in the airway epithelial cells, by coimmunostaining

of ox-CaMKII and EpCaM (Fig 4, B and C). As expected, ox-CaMKII expression was
almost completely absent in the CaMKII MM-VV$§ mice. Furthermore, these mice showed
protection against CRE-induced peribronchial inflammation (hematoxylin and eosin) and
goblet cell hyperplasia (periodic acid-Schiff) (see Fig E5, A and B, in this article’s

Online Repository at www.jacionline.org). These CaMKII MM-VV6 mice also showed
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less total inflammatory cells, particularly eosinophils, in the BAL fluids (Fig E5, C).

We next investigated an unexplored link between CaMKII oxidation and autophagy in
allergic asthma. Compared with PBS, CRE-treated WT mice showed increased expression
of Lc3b in the airways (Fig 4, D and E), which was attenuated in CaMKIl MM-VV§ mice.
CRE-induced expression of Atg5 in the airways was similarly attenuated in the CaMKI|I
MM-VV6 mice (Fig 4, D and F). In contrast, p62 expression was reduced in CRE-induced
wild-type mice, but increased in CaMKII MM-VV$§ mice (Fig 4, D and G). These findings
were further supported by RT-PCR (Fig E5, D) and Western blot analyses (Fig 4, H and

). Collectively, these data suggest that CaMKII oxidation may regulate cockroach allergen—
induced lung inflammation and autophagy.

Inhibition of mitochondrial CaMKII suppresses autophagy

To confirm the role of CaMKII in regulating autophagy, we investigated whether inhibiting
mitochondrial CaMKII can affect cockroach allergen—induced autophagy. HBECs were
infected with adenovirus containing an Mt-CaMKIIN or control adenovirus and confirmed
by immunostaining (see Fig E6, A and B, in this article’s Online Repository at
www.jacionline.org). We found that CRE exposure increased both LC3 and ATG5, but
decreased p62 in HBECs as detected by immunostaining (Fig E6, C and D). However, the
increased expression of LC3 and ATG5 and decreased expression of p62 were reversed in
HBECs pretransduced with Mt-CaMKIIN. Similar observations were also made by Western
blot analysis (Fig 5, A and B). Thus, the data support a view that mitochondrial CaMKI|
regulates autophagy in bronchial epithelial cells.

We also explored the further downstream signal molecules that mediate CaMKII-regulated
autophagy. CaMKII has been shown to regulate autophagy by directly phosphorylating
Beclin 1.12 Consistent with this finding, CRE induced an increase in the phosphorylation of
Beclin 1, which was reversed by Mt-CaMKIIN treatment (Fig 5, C and D). Furthermore, we
tested several significant signaling molecules (eg, AMP-activated protein kinase [AMPK]
and mTOR) that are critical in the initiation of autophagosome.2’ Similar to Beclin 1, CRE
induced an increase in the phosphorylation of AMPK and a decrease in the phosphorylation
of mTOR. Of interest, the CRE-induced increase in the phosphorylation of AMPK and
decrease in the phosphorylation of mTOR were reversed by Mt-CaMKIIN. Therefore,
CaMKII may play a critical role in cockroach allergen—induced initiation of autophagosome
via multiple signaling pathways.

Inhibition of mitochondrial CaMKII protects against allergen-induced mitochondrial

respiration

Elevated levels of mitochondrial ROS may lead to mitochondrial dysfunction. We
investigated oxygen consumption rate (OCR) in CRE-treated HBECs, an indicator of
mitochondrial respiration, as illustrated in Fig 6, A. Basal and maximal respiration, ATP
production, and spare respiration capacity were measured in HBECs after 48 hours of

CRE treatment (see Fig E7, A, in this article’s Online Repository at www.jacionline.org).
Compared with control cells, CRE-challenged cells showed substantially decreased basal
respiration rate and ATP production, and increased H* leak after blocking the proton channel
subunit FO of the ATP synthase with oligomycin (Fig E7, B). Maximal respiration elicited
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by FCCP, which discharges the pH gradient across the inner mitochondrial membrane, was
also substantially lower in CRE-treated HBECs. Similar patterns were observed for the spare
respiration capacity. We next investigated the potential effects of ox-CaMKII on cockroach
allergen—induced mitochondrial respiration by pretreating HBECs with Mt-CaMKIIN as
illustrated in Figure 6, B. Pretreatment of HBECs with Mt-CaMKIIN reversed the CRE-
induced reduction in basal and maximal respiration, ATP production, and spare respiration
capacity in HBECs (Fig 6, C). Together, these data align with previous studies?8 and indicate
that inhibition of mitochondrial CaMKI|I protects against allergen-induced mitochondrial
dysfunction in airway epithelial cells.

Inhibition of mitochondrial CaMKII suppresses cockroach allergen—induced mitophagy

Next, we examined the cockroach allergen—induced mitophagy using MT-mKeima-Red,23
which can track the mitochondrial delivery to lysosomes (Fig 7, A). HBECs were transfected
with plasmid MT-mKeima-Red and then treated with CRE or PBS. The mitochondria-
localized MT-mKeima-Red was displayed in CRE, but not in PBS-treated HBECs (Fig 7, B),
indicating an induction of mitophagy by cockroach allergen. We next investigated whether
the inhibition of mitochondrial CaMKII can affect cockroach allergen—induced mitophagy.
HBECSs were transduced with the inhibitory peptide CaMKIIN, then transfected with
plasmid MT-mKeima-Red. As expected, Mt-CaMKIIN significantly inhibited CRE-induced
mitophagy (Fig 7, C). Furthermore, we examined whether inhibition of mitochondrial
CaMKII can affect cockroach allergen—induced epithelial cytokine release. We found higher
levels of TGF-B1, IL-25, IL-33, and TSLP in supernatants of CRE-treated HBECs as
compared with controls (Fig 7, D), whereas TGF-p1, IL-25, and TSLP, but not IL-33, were
significantly reduced in Mt-CaMKIIN-transfected HBECs. Thus, these findings suggest that
inhibition of mitochondrial CaMKII suppresses cockroach allergen—induced mitophagy and
cytokine release in the airway epithelial cells.

Inhibition of mitochondrial CaMKII suppressed mitophagy through controlling OPTN

Finally, we explored the underlying mechanisms by which mitochondrial CaMKII regulates
mitophagy. We found that CRE stimulated an increase in the expression of ULK1, PINK1,
and PARKIN, the most studied pathways for autophagy. These increased expressions were
suppressed in HBECs transfected with Mt-CaMKIIN (Fig 8, A). Furthermore, Western

blot analyses showed a similar pattern for the expression of PINK1 and PARKIN (see Fig
E8, A and B, in this article’s Online Repository at www.jacionline.org). OPTN, one of

the ubiquitin-binding autophagy receptors, was enhanced by CRE treatment, 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 GFP-labeled OPTN in
HBECSs. HBEC:s treated with CRE showed the recruitment of OPTN-GFP to fragmented
mitochondria as assessed by the robust colocalization of OPTN-GFP with MitoTracker (Fig
8, B and C) and OPTN was stably enriched in more than 50% of mitochondria (Fig 8, D).
Of note, the recruitment of OPTN-GFP to the fragmented mitochondria was inhibited by
Mt-CaMKIIN. Furthermore, we explored the role of OPTN in cockroach allergen—induced
mitophagy by OPTN knockdown in HBECs. As expected, knockdown of OPTN attenuated
the CRE-induced mitophagy in HBECs (Fig 8, E and F). These results suggest that OPTN is
involved in the CaMKII-regulated cockroach allergen—induced mitophagy
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DISCUSSION

In the present study, we examined whether cockroach allergen, one of the major triggers
for developing asthma, can induce autophagy in the airway epithelial cells and explored the
role of autophagy in cockroach allergen—induced airway inflammation and its underlying
mechanisms.

Our /n vivoresults demonstrated that autophagy was increased in the lung tissues of
cockroach allergen—treated mice, particularly in the airway epithelium of these mice. Further
in vitro analysis in the human airway epithelial cells revealed that treatment with cockroach
allergen led to increased autophagy as indicated by the increased LC3 and ATG5 and
decreased p62 expression. Importantly, by visualizing autophagosome formation in real time
in live cells using GFP-LC3, a mammalian expression vector containing the human LC3
gene fused at its 5" end to the GFP gene, we found a time-dependent increase in the

number of autophagosomes in the airway epithelial cells exposed to cockroach allergen.
These results demonstrated that cockroach allergen could directly stimulate autophagy in
airway epithelial cells. Although we mainly focused on airway epithelial cells, which are
the first line of defense against environmental pollutants and allergens, cockroach allergen
could also induce autophagy in other structural and immune cells. Our results support
previous findings on the association of autophagy with asthma and provide further evidence
that environmental allergens can induce autophagy, which may contribute to epithelial cell
cytokine release and subsequent airway inflammation and asthma.

Despite the increased autophagy in asthma, the exact role of autophagy in asthma remains
still poorly understood. Our findings indicate that inhibition of autophagy using 3-MA,

a widely used autophagy inhibitor that can block the formation of autophagosome,
significantly attenuated AHR and lung eosinophilic inflammation and levels of T2
cytokines. These results suggest that blockage of autophagy may prevent cockroach
allergen—induced AHR and T2-associated inflammation. Recent studies showed very
similar results—that treatment with 3-MA suppressed ovalbumin-induced eosinophilia,
lung inflammation, oxidative stress, mitochondrial damage, and formation of eosinophil
extracellular traps in asthma.2® Furthermore, inhibition of autophagy attenuated the
ovalbumin-induced airway epithelial fibrosis3? and HDM-induced airway inflammation,
AHR, and features of airway fibrosis and remodeling.® These findings implicated that
autophagy could exacerbate asthma. However, autophagy may also have a protective
mechanism given that autophagy is a key homeostatic process in which cytosolic
components are degraded and recycled through lysosomes. For example, autophagy-
deficient mice (atg5~'~ and atg7~/") develop spontaneous sterile lung inflammation,3! and
deficiency of cell-specific autophagy (eg, CD11C-Cre:Atg5™"f and ER-Cre:Atg 7" results
in increased airway inflammation and airway hyperreactivity.32-34 The reasons for the dual
roles of autophagy in asthma remain unclear. It is postulated that autophagy may have a
protective role in maintaining homeostasis at baseline or excessive autophagy during acute
infection may become detrimental in a prolonged exposure to environmental pollutants/
allergens or inflammation.3® Furthermore, autophagy may play distinct roles in different cell
types, thereby leading to different phenotypic changes.
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Increased ROS have been shown to cause airway and lung damage and be associated with
severity of asthma.36-38 We have previously shown that environmental allergens can induce
ROS, which are primary mediators to induce airway epithelial cytokine release (eg, TSLP
and 1L-33).20.39 Similarly, ROS have been considered as a key checkpoint responsible for
IL-33 release from damaged airway epithelium.% Another important role of ROS is to
activate autophagy,’ and that persistent ROS overproduction results in the dysregulation

of autophagy, leading to airway epithelial cell damage, inflammatory cytokine release,

and exacerbation of allergic inflammation in asthma. Thus, an attractive hypothesis would
be that ROS, as signaling molecules, might contribute to epithelial barrier dysfunction,
cytokine release, and allergic airway inflammation through activating autophagy. Indeed,
we found that cockroach allergen—induced autophagy can be blocked by either antioxidant
NAC or mitochondrial-targeted antioxidant MitoTEMPO, suggesting that ROS, particularly
mitochondrial ROS, may be critical in cockroach allergen—induced autophagy. In contrast,
autophagy can also regulate ROS generation. Autophagy is generally thought to eliminate
intracellular sources of ROS; however, prolonged activation of autophagy or impaired
autophagy under a disease state may promote ROS production.*! Indeed, we found that
inhibition of autophagy suppressed cockroach allergen—induced ROS generation in a mouse
model of asthma and in the primary airway epithelial cells. Together, these studies suggest a
pathological feedforward connection between ROS and autophagy in airway epithelium that
may exacerbate cytokine release and allergic airway inflammation in asthma.

Our study also provides more detailed molecular mechanisms underlying ROS-autophagy
interplay. It was suggested that ROS can induce autophagy by directly oxidizing autophagy-
related proteins.26 CaMKII has been suggested to be one of the key signaling pathways
downstream to ROS and can be activated to be oxidized CaMKI1.842 We have previously
suggested a strong association for ox-CaMKII with asthma.®11 Our current studies
demonstrated a novel role for ox-CaMKII in cockroach allergen—induced autophagy.

First, cockroach allergen can induce the expression of ox-CaMKII in HBECs. Next, the
increased ox-CaMKII was significantly abrogated by NAC or MitoTEMPO, indicating that
cockroach allergen could induce ox-CaMKII though ROS generation and mitochondrial
ROS. Furthermore, ox-CaMKII may serve as a key signaling molecule that contributes

to cockroach allergen—induced lung inflammation and autophagy. Especially, CaMKIl MM-
VV§& mice showed reduced lung inflammation and autophagy in comparison to wild-type
controls. This raises the possibility that the reduced inflammation may be due to the

reduced autophagy in CaMKIl MM-VV§& mice and further suggests that ox-CaMKII may be
critical in cockroach allergen—induced autophagy and subsequently airway inflammation and
asthma.

To identify the underlying mechanisms by which CaMKII regulates autophagy, we tested
several key signaling molecules (eg, Beclin 1,12 AMPK,43-45 and mTOR#346) for autophagy
activation and determined whether CaMKI1 is involved in controlling their expression. Of
these signaling molecules, Beclin 1 was directly phosphorylated by CaMKII to promote
K63-linked ubiquitination of Beclin 1 and activation of autophagy.1? We found that
inhibition of CaMKII could attenuate cockroach allergen—induced phosphorylation of Beclin
1, supporting that CaMKII may play a role in cockroach allergen—induced autophagy
through phosphorylation of Beclin 1. Similar effects were observed for the phosphorylation
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of AMPK and mTOR. In addition, CaMKII may regulate autophagy through other signaling
molecules. For example, several transcription factors (eg, p53 and Forkhead box 0347 and
transcription factor EB#8) and histone modifications (histone H4K 16 acetylation, H3K9
dimethylation, and H3K27 trimethylation)*? have drawn attention in regulating autophagy.

Mitochondria are critical in maintaining cellular homeostasis, and the clearance of damaged
or depolarized mitochondria is through mitophagy.1”-50 Mitophagy is a selective degradation
of mitochondria by autophagy.1® It often happens to the damaged mitochondria following
the exposure to environmental pollutants/allergens or stress. Defective removal of damaged
mitochondria can induce hyperactivation of inflammatory signaling pathways, leading to
chronic inflammation. Both enhanced and impaired mitophagy have been associated with
chronic obstructive pulmonary disease and lung fibrosis.>1:52 Qur current studies provide
evidence that cockroach allergen can lead to mitochondrial dysfunction with decreased
basal and maximal respiration and ATP turnover rate, and that inhibition of mitochondrial
CaMKII can reverse this process. Furthermore, we demonstrated that cockroach allergen
can induce mitophagy, and the epithelial mitochondria-targeted inhibition of CaMKI|I
significantly suppressed cockroach allergen—induced mitophagy. Collectively, these data
suggest that mitochondrial CaMKII may contribute to the cockroach allergen-mitochondrial
dysfunction and mitophagy.

Pink1- and Parkin-mediated mitochondrial autophagy is currently the most well-established
molecular mechanism for the regulation of mitophagy in mammalian cells.?2:53 Active
PINK1 accumulates on the outer mitochondrial membrane to recruit Parkin to damaged
mitochondria, resulting in the phosphorylation and activation of Parkin. The activated Parkin
triggers the polyubiquitination of several outer mitochondrial membrane proteins, which
interact directly with LC3 to regulate mitochondrial elimination. Studies have also suggested
other proteins that are involved in the molecular regulation of mitophagy, such as Nip3-like
protein X, BCL2 interacting protein 3, and Fun14 domain-containing protein 1.16:53.54 |
this study, we suggest one of the novel mechanisms that CaMKII modulates mitophagy
through regulating OPTN, a ubiquitin-binding autophagy receptor. OPN can bind both
ubiquitin and LC3 to target ubiquitinated substrates to newly forming autophagosomes

for the autophagic clearance of damaged mitochondria.l Our studies demonstrated that
cockroach allergen can induce the recruitment of OPTN to fragmented mitochondria, and
OPTN knockdown protects against cockroach allergy—induced mitophagy. Thus, one of the
potential mechanisms could be that CaMKII regulates mitophagy through regulating OPTN.
However, future studies are needed to explore the mechanisms for ox-CaMKIl-regulated
OPTN and mitophagy.

Conclusions

We have provided evidence for the first time that cockroach allergen induces autophagy
in airway epithelial cells. Inhibition of autophagy suppresses cockroach allergen—induced
AHR, airway epithelial cytokine release, and T2-associated lung inflammation. Most
importantly, we found that there is a feedforward loop between cockroach allergen—
induced ROS generation and autophagy, and identified CaMKI|I as a linkage molecule
that is activated by ROS and lead to downstream regulation of autophagy/mitophagy. We
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further revealed one of the novel mechanisms that CaMKII modulates mitophagy through
regulating OPTN. These results suggest an allergen-ROS-ox-CaMKII-mitophagy axis in the
development of allergic airway inflammation, and CaMKII may be an attractive therapeutic
target for asthma.

Cockroach allergen—induced mouse model of asthma

Mice were sensitized by intratracheal inhalation of 20 ug CRE (Stallergenes Greer, Inc,
Cambridge, Mass) in 50 pL of PBS on days 0 to 4. Mice were then challenged on days 10
to 13. Control mice received PBS during the sensitization and challenge phases. On day 14,
mice were sacrificed, BAL fluid was harvested for total and differential counts of lavage
cells and ELISA measurements, and lung tissues were dissected for histological analyses.
Blood was taken to screen for serum antibodies against CRESs. In some cases, mice were
treated with 3-MA (30 mg/kg, Sigma-Aldrich, St Louis, Mo) or saline vehicle control by
intraperitoneal administration 2 hours before every single challenge.

Analysis of lung inflammation

For the histological assessment of lung inflammation, lung tissues were fixed in 4%
paraformaldehyde and embedded in paraffin. Lung sections (5 uM) were prepared from
these lung tissues and stained with hematoxylin and eosin and periodic acid-Schiff. Images
were obtained using a NIKON ECLIPSETi-U microscope equipped with DS-Fi2 camera
(NIKON). For analysis of BAL fluids, total cells in the bronchial lavage fluids were counted
using the Countess Il Automated Cell Counter (ThermoFisher, Waltham, Mass), and cellular
differential percentages were determined by means characterized by flow cytometry on a
FACScalibur flow cytometer (BD Biosciences, San Jose, Calif), and analyzed using FlowJo
v10.4 (Treestar, Woodburn, Ore). Eosinophils are characterized as SSCM, SiglecF* (clone
1RNM44N, ThermoFisher), and Mac-3~ (clone M3/84, BD Biosciences) cells, alveolar
macrophages as SSCNi, SiglecF*, and Mac-3*, granulocytes as SSC and Gr-1* (clone
RB6-8C5, BioLegend, San Diego, Calif), and lymphocytes as FSC!/SSC!° and CD3* (clone
145-2C11, BioLegend).

Quantitative RT-PCR

The purity of RNA was tested by measuring the ratio of absorbance at 260 nm over 280
nm. For 1RT-PCR, 1 pg RNA was reverse transcribed into complementary DNA using the
SuperScript First-Strand Synthesis System (Invitrogen), andthen quantitative RT-PCR was
performed with SYBR GreenMaster Mix (Qiagen, Hilden, Germany) on an ABI Prism
7300 detection system. Relative expression was calculated by using the 272ACT method as
described by Livak and Schmittgen.E2 The levels of mRNA were normalized to the internal
control gene.

Assessment of intracellular ROS production

Normal HBECs (CRL-4051, ATCC, Old Town Manassas, Va) were loaded with 2 UM of
CM-H2DCFDA and treated with 3-MA or vehicle control 1 hour before CRE treatment.
CM-H2DCFDA (excitation/emission: 492—-495/517-527 nm) fluorescent intensity was
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assessed using a FACScalibur flow cytometer (BD Biosciences). In a separate experiment,
CRE (20 or 50 ug/mL) was used to treat HBECs loaded with the antioxidant NAC (1 or

10 uM), MitoTEMPO (10 or 100 uM), or vehicle controls 1 hour before allergen treatment.
For mitochondrial ROS measurement, HBECs were cultured onto 35-mm glass-bottom dish
(Mattek, Ashland, Mass), loaded with 10 uM of MitoSOX Red and 50 nM of MitoTracker
Green (ThermoFisher), and treated with 3-MA or vehicle control 1 hour before CRE
treatment (50 pg/mL) in F-12K media at 37°C in a 5% CO, atmosphere. Cells were imaged
with a NIKON ECLIPSE Ti-U microscope equipped with PCO Edge LT monochrome
camera. Florescent signal was quantified using Fiji ImageJ v2.00-rc-69/1.52p (National
Institutes of Health).

OPTN knockdown

HBECs were treated with Mission shRNA (Sigma-Aldrich, TRCN0000083745) lentivirus
particles expressing OPTN shRNA at various multiplicity of infection (at 1, 5, 10, and

20). Controls cells received lentivirus mock treatments. Cells were selected with puromycin
in complete media for 7 continuous days. Selected clones were expanded, and OPTN
expression was confirmed using quantitative PCR. Mitophagy was assessed in 3 different
lentivirus particles expressing OPTN shRNA and mock-treated HBE clones using MT-
mKeima-Red 24 hours after CRE or PBS treatment.
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Expression of autophagy in cockroach allergen (CRE)-treated HBECs and mouse model of

asthma. A, HBECs were treated with different dosages of CRE (0-50 ug/mL) for 4 hours.

Expression of LC3A, LC3B, ATGS5, and p62 was measured by quantitative PCR (n = 3).
B, Representative immunofluorescence images of Lc3b and Atg5 expression in lung tissues
from cockroach allergen—induced mouse model of asthma. C and D, Relative expression
analysis of Lc3b (Fig E2, C) and Atg5 (Fig E1, D). n = 12. Data represent mean £ SEM. *P

<.05, **P< .01, ***P<.001.
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FIG E2.

Inhibition of autophagy suppresses epithelial cytokine release in cockroach allergen—treated
HBECs and mouse model of asthma. A, Levels of TGF-p1, IL-25, IL-33, and TSLP in the
BAL fluids of CRE-induced mouse model of asthma in the presence or absence of 3-MA

(n =8). B, HBECs were treated with CRE (50 pg/mL) in the presence or absence of 3-MA
for 16 hours. Levels of TGF-B1, IL-25, IL-33, and TSLP were measured by ELISA (n = 8).
Data represent mean £ SEM. *P< .05, **P< .01, ***P< .001.
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FIG E3.
No clear autophagy was induced by either NAC or MitoTEMPO. A, Representative

Western blot analyses of LC3A/B-I, LC3A/B-II, ATG5, and p62 expression in media, NAC,
MitoTEMPO (MT), and cockroach allergen—treated HBECs. B-Actin was used as a loading
control. B, Quantification of Western blots in Figure E3, A.
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FIG E4.
Cockroach allergen induces CaMKII oxidation in airway epithelial cells. A, Representative

immunofluorescence images of ox-CaMKII expression (red) in mitochondria (TOM20,
green) in HBECs with different doses of CRE. B, Relative expression analysis of florescent
signal (n = 8). Data represent mean £ SEM. *P< .05, ***P < .001.
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FIG E5.

ROS-resistant CaMKII prevents allergen-induced lung inflammation. A, Histological
examination of mouse paraffin lung sections stained with hematoxylin and eosin (H&E,
upper panel) and periodic acid-Schiff (PAS, lower panel) staining. B, Percentage of PAS*
cell area. C, BAL fluid total and eosinophil cell counts as assessed by flow cytometry (n
=5). D, Expression of Lc3a, Lc3b, Atg5, and p62 in the lung tissues of WT and CaMKI|I
MM-VV mice was measured by quantitative PCR (n = 4-6). Data represent mean + SEM.
*P< .05, **P< .01, ***P< .001.
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FIG EG6.
Inhibition of mitochondrial CaMKII suppressed autophagy. A, Adenovirus containing

the cDNA for mitochondrial-targeted GFP (empty vector) or CaMKIIN. B, HBECs

were transfected with or without Mt-CaMKIIN and confirmed by immunostaining. C,
Representative immunofluorescence images of LC3B, ATG5, and p62 expression (red) in
empty-GFP or Mt-CaMKIIN-transfected HBECs with PBS or cockroach allergen treatment.
D, Quantitative analysis of florescent signals (n = 6). Data represent mean £ SEM. *P < .05,
**p< .01, ***P< .001.
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FIG E7.
Cockroach allergen induces mitochondrial respiration. A, HBECs were treated with CRE for
48 hours and then used for OCR measurement. B, Basal respiration, ATP production, H leak,
maximal respiration, and spare respiration capacity were measured in CRE-treated HBECs
(n = 7-8). Max, Maximum; Prod., production; Res., respiration. Data represent mean +
SEM. *P< 05, **P< .01, ***P< .001.
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FIG ES.
Inhibition of mitochondrial CaMKII suppressed mitophagy pathway PINK1/Parkin. A,

Western blot analysis of PINK1 and PARKIN expression in Ad5-Mock or Ad-CaMKIIN-
transfected HBECs with PBS or CRE treatment. B-Actin was measured as the loading
control. B, Relative expression analysis of Figure E8, A (n = 4). Data represent mean +
SEM. *P< .05, **P< .01.
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Target Specie Clone Assay (dilution) Company
AMPK Rabbit  D5A2 ® WB (1:500) Cell Signaling
ATG5 Rabbit NB110-53818 @ WB (1:500) NOVUSBIO

@ IF (1:300)
BECLIN-1 Rabbit 3738 ® WB (1:500) Cell Signaling
Ep-CAM Mouse  VU1D9 @ IF (1:500) Cell Signaling
GAPDH Rabbit  14C10 @ WB (1:1000)  Cell Signaling
GFP Rat FM264G @ IF (1:500) BioLegend
LC3A/B Rabbit  NB100-2220 ® WB (1:1000) NOVUSBIO

@ IF (1:200)
mTOR Rabbit  7C10 ® WB (1:500) Cell Signaling
ox-CAMKII  Rabbit  07-1387 @ WB (1:500) EMD Millipore

@ IF (1:100)
p-AMPK Rabbit D4D6D ® WB (1:500) Cell Signaling
p-BECLIN-1 Rabbit D9A5G @ WB (1:500) Cell Signaling
p-mTOR Rabbit  D9C2 @ \WB (1:500) Cell Signaling
p62 Rabbit  NBP1-48320 @ WB (1:2000) NOVUSBIO
PARKIN Mouse 4211 @® WB (1:1000)  Cell Signaling
PINK1 Rabbit 6946 @ \WB (1:500) Cell Signaling
TOM20 Mouse F-10 @ IF (1:200) Santa Cruz Biotechnology
B-Actiin Mouse  2F1-1 @® WB (1:1000)  BiolLegend

GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; p-AMPK, phosphorylation of AMPK; p-MTOR, phosphorylation of

mTOR; WB, Western blot.

Primers used for RT-PCR assay

TABLE E2.

Gene NCBI GenelD  Primer bank ID  Amplicon size Sequence
ATG5 9474 92859692c1 133 @ Fwd: 5 -AAAGATGTGCTTCGAGATGTGT
@ Rev: 5'-CACTTTGTCAGTTACCAACGTCA
GAPDH 2597 378404907c1 197 @ Fwd: 5'-GGAGCGAGATCCCTCCAAAAT
® Rev: 5'-GGCTGTTGTCATACTTCTCATGG
GUSB 2990 268834191cl 127 @ Fwd: 5'-GTCTGCGGCATTTTGTCGG
@ Rev: 5'-CACACGATGGCATAGGAATGG
LC3A 84557 377652329c1 127 @ Fwd: 5'-AACATGAGCGAGTTGGTCAAG
@ Rev: 5'-GCTCGTAGATGTCCGCGAT
LC3B 81631 12383056al 167 @ Fwd: 5'-GATGTCCGACTTATTCGAGAGC
@ Rev: 5'-TTGAGCTGTAAGCGCCTTCTA
OPTN 10133 56549110c1 124 @ Fwd: 5'-CCAAACCTGGACACGTTTACC
@ Rev: 5'-CCTCAAATCTCCCTTTCATGGC
p62 8878 214830450c1 92 ® Fwd: 5'-GCACCCCAATGTGATCTGC

® Rev: 5'-CGCTACACAAGTCGTAGTCTGG
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Gene NCBI GenelD  Primer bank ID  Amplicon size Sequence
@ Fwd: 5'-GTGTTTGTCAGGTTCAACTCCA
@ Rev: 5'-GAAAATCACACGCAACTGGTC

PARKIN 5071 169790970c1 129

PINK1 65018 112382374cl 114 @ Fwd: 5'-GCCTCATCGAGGAAAAACAGG
® Rev: 5'-GTCTCGTGTCCAACGGGTC
ULK1 8408 225637564c2 118 ® Fwd: 5'-AGCACGATTTGGAGGTCGC

® Rev: 5'-GCCACGATGTTTTCATGTTTCA

Fwd, Forward; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; Rev, reverse.
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Abbreviations used

AHR Airway hyperresponsiveness

AMPK AMP-activated protein kinase

ATG Autophagy-related gene

BAL Bronchoalveolar lavage

CaMKIllI Ca?*/calmodulin-dependent protein kinase 1

CRE Cockroach extract

HBEC Human bronchial epithelial cell

LC3 Light chain 3

Mt-CaMKIIN Mitochondrial-targeted inhibitor peptide CaMKIIN
NAC N-acetyl cysteine

MT-mKeima-Red

Mitochondrially targeted Keima-Red

OCR Oxygen consumption rate

OPTN Optineurin

ox-CaMKII Oxidized Ca2*/calmodulin-dependent protein kinase 11
PINK1 PTEN-induced putative protein kinase 1

ROS Reactive oxygen species

TSLP Thymic stromal lymphopoietin
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3-MA 3-methyladenine
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Key messages

. Cockroach allergen can induce autophagy and ROS in airway epithelial cells.

. There is a feedforward connection between cockroach allergen—induced ROS
and autophagy.

. Excessive activation of autophagy contributes to AHR, ROS generation, and
Ty2-associated lung inflammation.

. ROS-activated CaMKI|I plays a role in downstream regulation of autophagy/

mitophagy.
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tissues. A, Western blot analysis of LC3-1, LC-3Il, ATG5, and p62 in HBECs treated with
CRE at different concentrations for 4 hours. p-Actin was measured as the loading control. B,
Quantitative analysis of Figure 1, A (n = 4). C, Representative immunofluorescence images

of HBECs expressing GFP-LC3 after CRE treatment (20 pg/mL), and the average number of

puncta per cell was analyzed in the PBS and CRE-treated group (n = 12, number of puncta
per cell from 4 different hpfs of 3 independent experiments). D, Quantitative analysis of
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IL-25, IL-33, and TGF-B1 levels in supernatants of PBS- or CRE-treated HBECs for 4 hours
(n = 4-8). E, Representative immunofluorescence images of LC3B and ATG5 expression

in lung tissues from asthmatic patients (n = 5) and healthy controls (n = 5). F, Quantitative

analysis of Figure 1, £. Data represent mean + SEM. *P< .05, **P< .01, ***P < .001.

J Allergy Clin Immunol. Author manuscript; available in PMC 2022 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Zhang et al.

A

Page 28
B —~ 15=-o- Vehicle+PBS -
—E‘ o 3-MA+PBS Vehicle
< ®- Vehicle+CRE L
20 pg CRE/50uL PBS, i.t. n g o SMATCRE 7 \\3‘:’
i Ohalk 13" g 10+
& ¥
T 1 E o b
N D> SN » | / »
DR NN g 5 /% 8:|
»
17
3-MAlvehicle, 2 h prior ‘/
CRE-challenge € 04 o—o”

'y
o

w
o

PAS+Area
(% Total Lung Area)
s 8

IL4 (pg/mL)

_.
)
<

504

T T T T T
0 1 3 10 30
Methacholine (mg/ml)

m

) g F} 3
E = s s
= Q
= o
g . 8 8
: i 3 3
8 7]
8 2 g s
3 Q (3]
- 100+ . 1001 . 1201 . 250+ e
| — | — e — r
so{ .. 80+ . _ w 200+ .
[—I._I E I_:_l _El I_"—I —E‘ 80 - _El | *2%ee
. E 60 . 5 0] io E | A S 1504 Ty
" & £ ® = .o x4 . 3
Fo o 40- - W @ 404 =.. £ o 2 100+
i o i = s 2 = -
te 204 H ;3.:’_ 204 -ty B3 :‘Eq.g. . 504
ol2==E 0 0 (| S
& W% D oD & ¥ < R\l D o2 & ¥ D oD & ¥
::,{b'\& & Q;‘ 2&:}5“‘\ \ftf zxoz“f\& \08%‘2%02'5@ \eﬂiﬁix Z{’:’@
¥ . o N O
RS RS RS NS

FIG 2.
Inhibition of autophagy suppresses allergen-induced lung inflammation. A, Protocol for

cockroach allergen—induced mouse model of asthma in the presence or absence of 3-MA
during the challenge phase. B, Lung resistance in response to increasing concentrations
of methacholine using the forced oscillation technique (FlexiVent, SCIREQ) (n = 6).

C, Histological examination of mouse paraffin lung sections stained with hematoxylin
and eosin (H&E, upper panel) and periodic acid-Schiff (PAS, lower panel) staining. D,
Percentage of PAS* area among total lung area. E, BAL fluid total and differential
(eosinophil, macrophage, neutrophil, and lymphocyte) cell counts as assessed by flow
cytometry. F, Serum levels of cockroach allergen—specific IgE and 1gG;. G, BAL fluid
levels of cytokines. £-G, n = 6-9. Data represent mean + SEM from 2 independent
experiments. *P< .05, **P< .01, ***P< .001.
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FIG 3.

Feedforward connection between cockroach allergen—induced ROS and autophagy. A,
Representative immunofluorescence images of ROS expression with dihydroethidium
(DHE) in lung tissues from cockroach allergen—induced mouse model of asthma treated
with or without 3-MA (30 mg/kg, i.p.). B, Quantitative analysis of florescent signal in lung
tissue sections (n = 8). C, Representative immunofluorescence images of mitochondrial
ROS expression with MitoSOX in cockroach allergen—treated HBECs with or without
3-MA. D, Quantitative analysis of florescent signal in HBECs (n = 8). E, Flow cytometry
analysis of intracellular ROS production with CM-H2DCFDA. F, Quantitative analysis

of flow cytometry data (n = 5). G, Western blot analysis of LC3-1, LC-3Il, ATG5, and
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p62 expression in CRE-treated HBEC:s in the presence or absence of either NAC or
MitoTEMPO. B-Actin was measured as the loading control. H, Quantitative analysis of
Western blots. Data represent mean = SEM from 2 independent experiments. *P< .05, **P
<.01, ***P< .001.
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FIG 4.
ROS-resistant CaMKII prevents allergen-induced autophagy in asthma mouse model. A,

Scheme of ROS-resistant CaMKII MM-VV6 (281/282) mice generation. B, Representative
immunofluorescence images of ox-CaMKII expression (green) in the airway epithelial cells
(EpCAM, red) of CRE-induced mouse model of asthma with wild-type (WT) or CaMKI|I
MM-VV6 (MM-VV§) mice. C, Quantitative analysis of florescent signal (n = 5-6). D,
Representative immunofluorescence images of LC3B, Atgb, and p62 expression (red) in the
airway epithelial cells (EpCAM, red) of CRE-induced mouse model of asthma with WT

or CaMKIlI MM-VV§ (MM-VV§) mice. E-G, Quantitative analysis of florescent signal in
Figure 4, D, for LC3 (E), ATG5 (F), and p62 (G) in lung tissues of CRE-induced mouse
model of asthma with WT or MM-VV& mice. n = 6-8 from 2 independent experiments. H,
Western blot analysis of LC3-1, LC-3Il, ATG5, and p62 in lung tissues of CRE-induced
mouse model of asthma with WT or MM-VV§& mice. B-Actin was measured as the

loading control. I, Quantitative analysis of Western blots. Data represent mean + SEM of 2
independent experiments. *P< .05, **P< .01, ***P< .001.
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FIGS5.

Inhibition of mitochondrial CaMKII-suppressed autophagy. A, Western blot analysis of
LC3-I, LC-3Il, ATG5, and p62 in empty-GFP or Mt-CaMKIIN-transfected HBECs with
PBS or CRE treatment. p-Actin was measured as the loading control. B, Quantitative
analysis of Western blots (n = 3). C, Western blot analysis of p-AMPK, AMPK, p-BECLIN
1, BECLIN 1, p-mTOR, and mTOR expression in empty-GFP or Mt-CaMKIIN-transfected
HBECSs with PBS or CRE treatment. B-Actin was measured as the loading control. D,
Quantitative analysis of Western blots. p-AMPK;, Phosphorylation of AMPK; p-MTOR,
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phosphorylation of mTOR. Data represent mean + SEM of 2 independent experiments. *P <
.05, **P< 01, ***P< .001.
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FIG 6.

Inhibition of mitochondrial CaMKII protects against allergen-induced mitochondrial
respiration. A, OCR under basal conditions followed by the sequential measurements

after addition of oligomycin, FCCP, rotenone, and antimycin A were determined by Mito
Stress test. B, HBECs were transfected with Mt-CaMKIIN and then treated with CRE

for OCR measurement. C, Measurement of basal respiration, ATP production, H leak,
maximal respiration, and spare respiration capacity in CRE-treated HBECs. n = 7-8. FCCP,
Carbonyl cyanide-4-phenylhydrazone; Max, maximum; prod., production; res., respiration.
Data represent mean £ SEM of 2 independent experiments. A< .05, **P< .01, ***P< .001.
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FIG 7.
Inhibition of mitochondrial CaMKII suppressed cockroach allergen—induced mitophagy

in airway epithelial cells. A, Scheme of mitophagy detection with MT-mKeima-Red. B,
Representative immunofluorescence images of mitophagy with MT-mKeima-Red (red) and
mitochondria (Mitotracker, green) in empty-GFP or Mt-CaMKIIN-transfected HBECs with
PBS or CRE treatment. C, Quantitative analysis of florescent signals in HBECs (n = 10-18).
D, Quantitative analysis of TGF-pB1, IL-25, IL-33, and TSLP levels in supernatants in Mock
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or CaMKIIN-transfected HBECs with PBS or CRE treatment for 4 hours (n = 4). Data
represent mean = SEM. *P< .05, **P< .01, ***P< .001.
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FIG 8.

Inhibition of mitochondrial CaMKII suppressed mitophagy through controlling OPTN.

A, Quantitative PCR analysis of ULK1, PINK1, PARKIN, and OPTN in empty-GFP or
Mt-CaMKIIN-transfected HBECs with PBS or CRE treatment (n = 6). B, Representative
immunofluorescence images of HBECs expressing OPTN-GFP after CRE treatment in the
presence or absence of Mt-CaMKIIN transfection. C and D, Number of OPTN foci (Fig

8, C) and percentage (Fig 8, D) of OPTN-MitoTracker were quantified in the PBS and
CRE-treated group. n = 10-18. E, Representative images of mitophagy with MT-mKeima-
Red (red) and mitochondria (Mitotracker, green) in lentivirus-shRNA-Mock or lentivirus-
shRNA-OPTN-transfected HBECs with PBS or CRE treatment. F, Quantitative analysis of
florescent signals in HBECs (n = 16). Data represent mean + SEM from 2 independent
experiments. *P< .05, **P< 01, ***P< .001.
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