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ABSTRACT 25 

Background: Autophagy plays an important role in causing inflammatory responses initiated by 26 

environmental pollutants and respiratory tract infection. 27 

Objective: We sought to investigate the role of cockroach allergen-induced excessive activation of 28 

autophagy in allergic airway inflammation and its underlying molecular mechanisms. 29 

Methods: Environmental allergen-induced autophagy was investigated in the primary human 30 

bronchial epithelial cells (HBECs) and lung tissues of asthmatic mouse model and patients. The role of 31 

autophagy in asthma development was examined by using autophagy inhibitor 3-Methyladenine 32 

(3-MA) in an asthma mouse model. Further, the involvements of reactive oxygen species (ROS) and 33 

oxidized Ca2+/calmodulin-dependent protein kinase II (ox-CaMKII) signaling in regulating autophagy 34 

during asthma were examined in allergen-treated HBECs and mouse model.   35 

Results: Cockroach allergen activated autophagy in HBECs and in the lung tissues from asthmatic 36 

patients and mice. Autophagy inhibitor 3-MA significantly attenuated airway hyper-responsiveness 37 

(AHR), Th2-associated lung inflammation and ROS generation. Mechanistically, we demonstrated a 38 

pathological feedforward circuit between cockroach allergen-induced ROS and autophagy that is 39 

mediated through CaMKII oxidation. Furthermore, transgenic mice with ROS-resistant CaMKII 40 

MM-VV δ showed attenuation of Th2-associated lung inflammation and autophagy. Mitochondrial 41 

ox-CaMKII inhibition induced by adenovirus carrying mitochondrial-targeted inhibitor peptide 42 

CaMKIIN suppresses cockroach allergen-induced autophagy, mitochondrial dysfunction, mitophagy, 43 

and cytokine production in HBECs. Finally, mitochondrial CaMKII inhibition suppressed the 44 

expression of one of the key ubiquitin binding autophagy receptors, optineurin (OPTN), and its 45 

recruitment to fragmented mitochondria. OPTN knockdown inhibited cockroach allergy-induced 46 

mitophagy.  47 

Conclusion: Our data suggest a previously uncovered axis of allergen-ROS-ox-CaMKII-mitophagy in 48 
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the development of allergic airway inflammation and asthma. 49 

 50 

Key words: Asthma, Cockroach allergen, ROS, CaMKII, Mitochondria, Autophagy, Mitophagy 51 

 52 

Key Messages 53 

• Cockroach allergen can induce autophagy and ROS in airway epithelial cells. 54 

• There is a feedforward connection between cockroach allergen-induced ROS and autophagy.  55 

• Excessive activation of autophagy contributes to airway hyper-responsiveness, ROS generation, 56 

and Th2-associated lung inflammation. 57 

• ROS-activated CaMKII plays a role in downstream regulation of autophagy/mitophagy. 58 

 59 

Capsule summary 60 

Allergen-induced excessive activation of autophagy in airway epithelium leads to increased ROS 61 

generation and release of pathogenic cytokines through oxidized CaMKII that may contribute to the 62 

development of Th2-associated allergic airway inflammation and asthma. 63 

 64 

 65 

 66 

 67 

 68 

 69 

 70 

 71 

 72 
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Abbreviations 73 

CRE     Cockroach extract 74 

AHR                 Airway hyper-responsiveness 75 

ROS     Reactive oxygen species 76 

mtROS     Mitochondrial ROS      77 

NAC     N-Acetyl Cysteine 78 

HBEC     Human bronchial epithelial cell  79 

BALF     Bronchoalveolar lavage fluid 80 

CaMKII     Ca2+/calmodulin-dependent protein kinase II 81 

ATG     Autophagy-related gene 82 

3-MA     3- methyladenine 83 

AMPK     AMP-activated protein kinase 84 

PINK1      PTEN-induced putative protein kinase 1 85 

CaMKIIN    Adenoviral transduction with the CaMKII peptide inhibitor 86 

OPTN      Optineurin.  87 

    88 
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INTRODUCTION 90 

Autophagy is an important homeostatic process by which damaged proteins and organelles are 91 

captured by autophagosomes and taken to lysosomes for degradation during cellular stress1. Studies 92 

have demonstrated autophagy participation in inflammatory diseases including asthma2, 3. Increased 93 

autophagy has been observed in sputum granulocytes, peripheral blood cells, and peripheral 94 

eosinophils from patients with severe asthma4. Increased autophagy has also been associated with 95 

asthma immune mechanisms, extracellular matrix deposition, and airway remodeling5, 6. It has been 96 

reported that autophagy can be induced by reactive oxygen species (ROS), which facilitate cellular 97 

adaptation and diminish oxidative damage7. These findings raise the possibility that allergens may 98 

induce ROS as signaling molecules to initiate the process of the autophagic cycle. However, the 99 

molecular mechanisms underlying the interplay between ROS and autophagy in the development of 100 

asthma remain unclear. 101 

The Ca2+/calmodulin-dependent protein kinase II (CaMKII) is a serine/threonine-specific protein 102 

kinase that is initially activated by binding calcified calmodulin. Once activated by Ca2+/calmodulin, 103 

CaMKII activity can be sustained, even after Ca2+/calmodulin unbinding by oxidation of regulatory 104 

domain methionines 281/282 (ox-CaMKII)8. Increased expression of ox-CaMKII has been correlated 105 

with the severity of asthma9, and airway epithelial mitochondrial CaMKII plays an important role in 106 

mitochondrial ROS generation and allergic inflammation10. We have previously demonstrated that 107 

oxidant-resistant CaMKII, due to knock in replacement of methionine 281 and 282 with valines on the 108 

CaMKIIδ isoform (MM-VVδ), protects against cockroach allergen-induced ROS generation and 109 

airway inflammation11. Recent studies suggested that CaMKII can regulate autophagy by directly 110 

phosphorylating Beclin 112, a central player in the formation and maturation of autophagosome13. 111 

Beclin 1 also plays a critical role in the initiation of mitophagy by facilitating parkin translocation to 112 

mitochondria14. Mitophagy, also called mitochondrial autophagy, was first introduced by Lemasters et 113 
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al to describe the selective degradation of mitochondria by autophagy15. Mitophagy can specifically 114 

target damaged mitochondria for degradation to maintain cellular homeostasis16. The PTEN-induced 115 

putative kinase 1 (PINK1) and Parkin-mediated pathway has been recognized as a key regulatory 116 

mechanism of mitophagy17, 18. 117 

In the current study, we provided new evidence that excessive autophagy plays a critical role in 118 

cockroach allergen-induced airway epithelial ROS generation, cytokine release, and subsequent 119 

allergic airway inflammation. By investigating the underlying mechanisms, we revealed a feedforward 120 

connection between cockroach allergen-induced ROS and autophagy in airway epithelia cells. Our 121 

studies suggest that CaMKII is one of the key signaling pathways downstream to ROS, and that 122 

ox-CaMKII regulates allergic lung inflammation and autophagy/ mitophagy. We further identified 123 

optineurin (OPTN) as a critical component in the signaling pathway regulating mitophagy that was 124 

controlled by ox-CaMKII. Our data provide insights into the development of allergic airway 125 

inflammation in asthma. 126 

  127 
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METHODS 128 

Animal 129 

All animal experimentations were carried out using 6-8-week-old mice. C57BL/6J (WT, stock: 000664) 130 

mice were purchased from the Jackson Laboratory (Bar Harbor, ME). ROS-resistant CaMKII-delta 131 

(MM-VV δ) mutant mice with C57BL/6 background were provided by Professor Mark Anderson at 132 

Johns Hopkins University11. Animals were maintained under specific pathogen–free conditions at the 133 

animal facility of the Johns Hopkins University School of Medicine. All experiments were carried out 134 

with age- and gender-matched controls. The experimental protocol was reviewed and approved by the 135 

Institutional Animal Care and Use Committee of the Johns Hopkins University, Baltimore, MD.  136 

Human lung tissues  137 

Dr. Kollarik at the Johns Hopkins Asthma Center Histology laboratory provided paraffin-embedded 138 

human airway sections from asthmatic and healthy individuals. The Johns Hopkins Institutional 139 

Review Board (IRB) has approved my study with an approval number NA_00046988. 140 

Cockroach Allergen-induced mouse model of asthma 141 

Cockroach Allergen-induced mouse model of asthma was generated as previously described19. In some 142 

cases, mice were treated with 3-methyadenine (3-MA, 30 mg/kg, Sigma-Aldrich, St. Louis, MO) or 143 

saline vehicle control by intraperitoneal administration 2 h prior to every single challenge. 144 

Airway hyper-responsiveness 145 

Airway responsiveness was measured as previously described19. 146 

Analysis of lung inflammation 147 

Cockroach allergen-induced lung inflammation was determined by the analyses of lung tissue 148 

histology and inflammatory cells and cytokines in bronchoalveolar lavage (BAL) fluids as previously 149 

described11, 19-21.  150 
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Enzyme linked immunosorbent assay (ELISA)‑  151 

Levels of IL-4, IL-5, IL-13, IL-17, IL-10, TGFβ1, TSLP, IL-33, and IL-25 were measured by ELISA 152 

with Ready-Set-Go! ELISA Kits (ThermoFisher) according to the manufacturer’s instructions. Serum 153 

levels of allergen specific IgE and IgG1 were also analyzed by ELISA as previously described19. 154 

Immunofluorescence staining  155 

Immunofluorescence staining was performed as previously reported19. Primary antibodies are provided 156 

in the Online Repository (Table E1). Fluorescent positive cells or positive staining of tissue sections 157 

were quantified in at least four different high-power fields (HPFs) per slide or lung section using Fiji 158 

ImageJ v2.00 (NIH) and presented as mean fluorescent intensity per square micrometer. 159 

Western blotting 160 

Western blotting was carried out as previously described11. Primary antibodies are provided in the 161 

Online Repository (Table E1).  162 

Quantitative RT-PCR 163 

Quantitative RT-PCR (qRT-PCR) was performed as previously reported19. Primer sequences are 164 

provided in the Online Repository (Table E2).  165 

Assessment of intracellular ROS production 166 

Intracellular ROS were detected using the general and mitochondria-specific oxidative sensitive 167 

fluorescent dyes CM-H2DCFDA (ThermoFisher) and MitoSOX Red (ThermoFisher) as previously 168 

reported20. 169 

Transfection of GFP-LC3 and CaMKIIN into airway epithelial cells 170 

EGFP-LC3 was a gift from Karla Kirkegaard22. Approximately 3.0x105 HBECs were seeded onto a 171 

6-well tissue culture plate for 24 h prior to transfection with a plasmid expressing EGFP-LC3 or empty 172 

vector (EGFP-EV) control using FuGENE 6 Transfection Reagent (Promega) following the 173 

manufacturer’s instructions. Similarly, Adenovirus containing the cDNA for mitochondrial-targeted 174 
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GFP (Mt-GFP, empty vector) or Mt-CaMKIIN (both at 100 MOI) were transfected for 24 h. 175 

Transfection efficiency was assessed by GFP expression using flow cytometry. 176 

Mitochondrial respiration 177 

Mitochondrial respiration was determined by measuring oxygen consumption rates (OCRs) with 178 

Seahorse extracellular flux assay kit (Agilent) on a seahorse XF96 Extracellular Flux Analyzer, 179 

according to the manufacturer's protocol. Briefly, HBECs were plated onto wells of a 1% gelatin 180 

coated XF96 plate for 24 h, and then treated with CRE or PBS control for 48 h. Oxygen consumption 181 

rates (OCR) were measured using the mitochondrial stress test procedure in DMEM containing 10 mM 182 

glucose, 4 mM L-glutamine, and 2 mM sodium pyruvate with pH 7.4. After calibration of the sensor 183 

cartridge, the XF96 plate was placed into the seahorse instrument and OCR was measured as p mole 184 

per minute per cell. Analysis of mitochondrial function was made using changes in OCR in the 185 

presence of 1.0 µM oligomycin (inhibits mitochondrial ATP synthase), 1.0 µM FCCP (uncoupler), 0.5 186 

μM Rotenone and Antimycin A (inhibits both complex I and III).  187 

Mitophagy detection 188 

HBECs were transfected with 1 μg of plasmid expressing the mitochondrially targeted Keima 189 

(MT-mKeima-Red, addgene)23 using FuGENE 6 Transfection Reagent (Promega) followed by 190 

treatment with CaMKIIN or GFP control. The fluorescent protein Keima has an excitation spectrum 191 

that changes according to pH. A short wavelength (440 nm) is predominant for excitation in a neutral 192 

environment, whereas a long wavelength (586 nm) is predominant in an acidic environment that occurs 193 

when mitochondria are fused with lysosomes. Mitophagy was quantified through the difference in 194 

fluorescent wavelengths [586 nm (green) /440 nm (red)] from obtained images using Fiji ImageJ 195 

v2.00-rc-69/1.52p (NIH). Nuclear staining was carried out using 0.5 μg/ml of Hoechst 33258 196 

(ThermoFisher). 197 

Statistical analysis 198 
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All data were analyzed with Graph Pad Prism statistical software program (GraphPad Software, La 199 

Jolla, CA) and are expressed as mean ± SEM. Statistical significance for normally distributed samples 200 

was assessed by an independent two-tailed Student’s t test or one-way analysis of variance (ANOVA) 201 

followed by Turkey’s post-hoc test. A P<0.05 was considered statistical significance for all analyses. 202 

  203 
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RESULTS 204 

Cockroach allergen induces autophagy in human airway epithelial cells and asthmatic lung 205 

tissues  206 

To determine whether cockroach allergen (CRE) exposure can elicit autophagy, the expression of 207 

autophagy-associated genes was detected in CRE-treated human bronchial epithelial cells (HBECs). 208 

Western blot analysis illustrated a dose-dependent induction of autophagy by CE treatment in HBECs, 209 

as assessed by the ratio of microtubule-associated protein 1A/1B-light chain 3 (LC3) (Fig 1, A and B). 210 

Consistently, a dose-dependent increase in the expression of ATG5 and decrease in p62 were detected 211 

in the CRE-treated HBECs. The results were further confirmed by RT-PCR (Fig E1, A). To visualize 212 

the induction of autophagy, we transfected a GFP-LC3 construct in HBECs and imaged GFP-LC3 213 

after CRE treatment (20µg/ml). As shown in Fig 1, C, the autophagy induction by CRE was increased 214 

as monitored by the number of LC3 puncta. In line with the finding, cockroach allergen-induced 215 

epithelial activation was observed as assessed by the increased levels of TGF-β1, IL-25, and IL-33 in 216 

supernatants (Fig 1, D). Furthermore, to determine the role of autophagy in the pathogenesis of asthma, 217 

we detected the expression of autophagy markers in the lung tissues of patients with asthma and 218 

healthy controls by immunofluorescent staining. As expected, there was a signficant increase in the 219 

expression of LC3B and ATG5 in the lung tissues of asthmatic patients compared with healthy controls 220 

(Fig 1, E and F). We also examined the expression of Lc3b and Atg5 in the lung tissues of mouse 221 

model of asthma20, 24. Consistently, CRE-treated mice showed significantly increased expression of 222 

Lc3b in the lung tissues (Fig E1, B and C). The Lc3b was predominantly expressed in the airway 223 

epithelium as assessed by the co-localization of Lc3b and epithelial cell marker EpCAM. Similarly, 224 

increased expression of Atg5 was observed in the lung tissues of these mice (Fig E1, B and D). 225 

Together, these data indicate that cockroach allergen can induce autophagy in primary airway epithelial 226 

cells and lung tissues of asthmatic patients and mice. 227 
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Inhibition of autophagy suppresses allergen-induced airway hyper-responsiveness and lung 228 

inflammation 229 

Next, we investigated the role of autophagy in cockroach allergen-induced airway 230 

hyper-responsiveness (AHR) and lung inflammation by using autophagy inhibitor 3-MA in our acute 231 

mouse model of asthma following the protocol illustrated in Fig 2, A. 3-MA is a class III group of 232 

phosphoinositide 3-kinase (PI3K) inhibitors that has been widely used as autophagy inhibitor25. 233 

Compared to controls, CRE challenge induced an increased airway resistance, which was attenuated by 234 

3-MA treatment (Fig 2, B). Consistent with our previous findings20, 21, CRE challenge increased airway 235 

inflammation compared to PBS treatment. When these CRE-challenged mice were pre-treated with 236 

3-MA, the increased lung inflammation was significantly abrogated. Specifically, 3-MA treatment 237 

suppressed cockroach allergen-induced peribronchial inflammation (H&E) and goblet cell hyperplasia 238 

(PAS) (Fig 2, C and D). Moreover, these 3-MA-treated mice showed a marked reduction in the number 239 

of total inflammatory cells, particularly eosinophils in the BAL fluids (Fig 2, E). Serum levels of 240 

cockroach allergen specific IgE and IgG1 (sIgE and sIgG1) were also reduced in 3-MA-treated mice 241 

(Fig 2, F). Furthermore, mice treated with 3-MA showed reduced IL-4, IL-5, IL13 and TGF-β1, but 242 

unchanged IL-17α and IL-10 levels in the BAL fluids (Fig 2, G). These results provide evidence that 243 

inhibition of autophagy can prevent cockroach allergen-induced Th2 inflammation. Additionally, 3-MA 244 

treated mice also showed reduced levels of epithelial-derived cytokines TGFβ1, IL-33, and TSLP in 245 

the BAL fluids (Fig E2, A), which were further supported by in vitro analyses of 3-MA treated 246 

CRE-challenged HBECs (Fig E2, B). 247 

 248 

Feedforward connection between cockroach allergen-induced ROS and autophagy 249 

Recent studies have suggested a cross talk between ROS and autophagy7, 26. Thus, we asked whether 250 

inhibition of autophagy could suppress ROS generation in our mouse model of asthma. Indeed, we 251 
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found increased ROS expression in the lung tissues of CRE-treated mice (Fig 3, A and B), which was 252 

abolished when these mice were pre-treated with 3-MA. The results were further supported by in vitro 253 

analyses of intracellular and mitochondrial ROS production. Compared to untreated cells, CRE-treated 254 

HBECs displayed increased mitochondrial ROS as detected by immunostaining for the co-localization 255 

of MitoSOX, a fluorescent mitochondrial ROS reporter dye, with MitoTracker green (Fig 3, C and D). 256 

Of note, the increased mitochondrial ROS were significantly inhibited by 3-MA. Similar patterns were 257 

observed when intracellular ROS were detected by flow cytometry with CM-H2DCFDA (Fig 3, E and 258 

F). These findings suggest that inhibition of autophagy can suppress cockroach allergen-induced ROS 259 

generation, particularly mitochondrial ROS.  260 

In contrast, we investigated whether ROS can regulate the activation of autophagy by using 261 

antioxidant NAC or mitochondrial-targeted antioxidant MitoTEMPO. Compared to media control, 262 

CRE treatment led to an increase in the expression of LC3 and ATG5 as detected by Western blot (Fig 263 

3, G and H), which were significantly inhibited by either NAC or MitoTEMPO. In contrast, the 264 

CRE-induced decrease in p62 was fully recovered by either NAC or MitoTEMPO treatment. 265 

Compared to CRE, no clear autophagy induction was observed for either NAC or MitoTEMPO (Fig 266 

E3, A and B). Collectively, these data suggest a feedforward connection between cockroach 267 

allergen-induced ROS and autophagy. 268 

 269 

Cockroach allergen induces mitochondrial CaMKII oxidation in airway epithelial cells 270 

Our previous studies suggested a critical role of CaMKII oxidation in mast cell activation and the 271 

development of asthma11. Here, we examined whether cockroach allergen can induce CaMKII 272 

oxidation in airway epithelial cells. HBECs were treated with CRE at different concentrations for 24 h, 273 

and expression of ox-CaMKII was detected by immunostaining. We found a dose-dependent increase 274 

in the expression of ox-CaMKII in HBECs after CRE treatment (Fig E4, A and B). Furthermore, the 275 
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increased ox-CaMKII was predominantly localized in mitochondria as stained with TOM20, a specific 276 

marker for mitochondria. Our results indicate that cockroach allergen can induce CaMKII oxidation, 277 

specifically in mitochondria. 278 

 279 

ROS-resistant CaMKII prevents allergen-induced autophagy 280 

To better understand the role of ox-CaMKII in asthma, we used an oxidant-resistant CaMKII 281 

MM-VV δ (Fig 4, A) to generate a mouse model of asthma20, 24. Histological analysis demonstrated an 282 

increased expression of ox-CaMKII in cockroach allergen-induced mouse model of asthma, 283 

particularly in the airway epithelial cells, by co-immunostaining of ox-CaMKII and EpCaM (Fig 4, B 284 

and C). As expected, ox-CaMKII expression was almost completely absent in the CaMKII MM-VVδ 285 

mice. Furthermore, these mice showed protection against CRE-induced peribronchial inflammation 286 

(H&E) and goblet cell hyperplasia (PAS) (Fig E5, A and B). These CaMKII MM-VVδ mice also 287 

showed less total inflammatory cells, particularly eosinophils, in the BAL fluids (Fig E5, C). We next 288 

investigated an un-explored link between CaMKII oxidation and autophagy in allergic asthma. 289 

Compared to PBS, CRE-treated WT mice showed increased expression of Lc3b in the airways (Fig 4, 290 

D and E), which was attenuated in CaMKII MM-VVδ mice. CRE-induced expression of Atg5 in the 291 

airways was similarly attenuated in the CaMKII MM-VVδ mice (Fig 4, D and F). In contrast, p62 292 

expression was reduced in CRE-induced WT mice, but increased in CaMKII MM-VVδ mice (Fig 4, D 293 

and G). These findings were further supported by RT-PCR (Fig E5, D) and Western blot analyses (Fig 294 

4, H and I). Collectively, these data suggest that CaMKII oxidation may regulate cockroach 295 

allergen-induced lung inflammation and autophagy. 296 

 297 

Inhibition of mitochondrial CaMKII suppresses autophagy  298 

To confirm the role of CaMKII in regulating autophagy, we investigated whether inhibiting 299 
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mitochondrial CaMKII can affect cockroach allergen-induced autophagy. HBECs were infected with 300 

adenovirus containing a mitochondrial-targeted inhibitor peptide CaMKIIN (Mt-CaMKIIN) or control 301 

adenovirus and confirmed by immunostaining (Fig E6, A and B). We found that CRE exposure 302 

increased both LC3 and ATG5, but decreased p62 in HBECs as detected by immunostaining (Fig E6, 303 

C and D). However, the increased expression of LC3 and ATG5 and decreased p62 were reversed in 304 

HBECs pre-transduced with Mt-CaMKIIN. Similar observations were also made by Western blot 305 

analysis (Fig 5, A and B). Thus, the data support a view that mitochondrial CaMKII regulates 306 

autophagy in bronchial epithelial cells.  307 

We also explored the further downstream signal molecules that mediate CaMKII regulated 308 

autophagy. CaMKII has been shown to regulate autophagy by directly phosphorylating Beclin 112. 309 

Consistent with this finding, CRE induced an increase in the phosphorylation of Beclin 1, which was 310 

reversed by Mt-CaMKIIN treatment (Fig 5, C and D). Furthermore, we tested several significant 311 

signaling molecules [e.g., AMPK, mTOR] that are critical in the initiation of autophagosome27. Similar 312 

to Beclin 1, CRE induced an increase in the phosphorylation of AMPK (p-AMPK) and a decrease in 313 

the phosphorylation of mTOR (p-mTOR). Of interest, the CRE-induced increase in p-AMPK and 314 

decrease in p-mTOR were reversed by Mt-CaMKIIN. Therefore, CaMKII may play a critical role in 315 

cockroach allergen-induced initiation of autophagosome via multiple signaling pathways. 316 

 317 

Inhibition of mitochondrial CaMKII protects against allergen-induced mitochondrial respiration 318 

Elevated levels of mitochondrial ROS may lead to mitochondrial dysfunction. We investigated oxygen 319 

consumption rate (OCR) in CRE-treated HBECs, an indicator of mitochondrial respiration, as 320 

illustrated in Fig 6, A. Basal and maximal respiration, ATP production, and spare respiration capacity 321 

were measured in HBECs after 48 hours of CRE treatment (Fig E7, A). Compared to control cells, 322 

CRE-challenged cells showed substantially decreased basal respiration rate and ATP production, and 323 

Jo
urn

al 
Pre-

pro
of



16 

 

increased H+ leak after blocking the proton channel subunit F0 of the ATP synthase with oligomycin 324 

(FIG E7, B). Maximal respiration elicited by FCCP, which discharges the pH gradient across the inner 325 

mitochondrial membrane, was also substantially lower in CRE-treated HBECs. Similar patterns were 326 

observed for the spare respiration capacity. We next investigated the potential effects of ox-CaMKII on 327 

cockroach allergen-induced mitochondrial respiration by pre-treating HBECs with Mt-CaMKIIN as 328 

illustrated in Fig 6, B. Pre-treatment of HBECs with Mt-CaMKIIN reversed the CRE-induced 329 

reduction in basal and maximal respiration, ATP production, and spare respiration capacity in HBECs 330 

(Fig 6, C). Together, these data align with previous studies28 indicate that inhibition of mitochondrial 331 

CaMKII protects against allergen-induced mitochondrial dysfunction in airway epithelial cells. 332 

 333 

Inhibition of mitochondrial CaMKII suppresses cockroach allergen-induced mitophagy 334 

Next, we examined the cockroach allergen-induced mitophagy using mitochondrially targeted 335 

Keima-Red (MT-mKeima-Red)23, which can track the mitochondrial delivery to lysosomes (Fig 7, A). 336 

HBECs were transfected with plasmid MT-mKeima-Red and then treated with CRE or PBS. The 337 

mitochondria-localized MT-mKeima-Red was displayed in CRE, but not in PBS-treated HBECs (Fig 7, 338 

B), indicating an induction of mitophagy by cockroach allergen. We next investigated whether the 339 

inhibition of mitochondrial CaMKII can affect cockroach allergen-induced mitophagy. HBECs were 340 

transduced with the inhibitory peptide CaMKIIN, then transfected with plasmid MT-mKeima-Red. As 341 

expected, Mt-CaMKIIN significantly inhibited CRE-induced mitophagy (Fig 7, C). Furthermore, we 342 

examined whether inhibition of mitochondrial CaMKII can affect cockroach allergen-induced 343 

epithelial cytokine release. We found higher levels of TGF-β1, IL-25, IL-33, and TSLP in 344 

supernatants of CRE-treated HBECs as compared to controls (Fig 7, D), whereas TGFβ1, IL-25 and 345 

TSLP, but not IL-33, were significantly reduced in Mt-CaMKIIN-transfected HBECs. Thus, these 346 

findings suggest that inhibition of mitochondrial CaMKII suppresses cockroach allergen-induced 347 
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mitophagy and cytokine release in the airway epithelial cells. 348 

 349 

Inhibition of mitochondrial CaMKII suppressed mitophagy through controlling OPTN 350 

Lastly, we explored the underlying mechanisms by which mitochondrial CaMKII regulates mitophagy. 351 

We found that CRE stimulated an increase in the expression of ULK1, PINK1 and PARKIN, the most 352 

studied pathways for autophagy. These increased expressions were suppressed in HBECs transfected 353 

with Mt-CaMKIIN (Fig 8, A). Furthermore, Western blot analyses showed a similar pattern for the 354 

expression of PINK1 and PARKIN (FIG E8, A and B). Optineurin (OPTN), one of the ubiquitin 355 

binding autophagy receptors, was enhanced by CRE treatment, whereas this enhancement was 356 

abolished by Mt-CaMKIIN (Fig 8, A). To confirm the involvement of OPTN in cockroach 357 

allergen-induced mitophagy, we transfected a GFP-labelled OPTN in HBECs. HBECs treated with 358 

CRE showed the recruitment of OPTN-GFP to fragmented mitochondria as assessed by the robust 359 

co-localization of OPTN-GFP with MitoTracker (Fig 8, B and C) and OPTN was stably enriched in 360 

over 50% of mitochondria (Fig 8, D). Of note, the recruitment of OPTN-GFP to the fragmented 361 

mitochondria was inhibited by Mt-CaMKIIN. Furthermore, we explored the role of OPTN in 362 

cockroach allergen-induced mitophagy by OPTN knockdown in HBECs. As expected, knockdown of 363 

OPTN attenuated the CRE-induced mitophagy in HBECs (Fig 8, E and F). These results suggest that 364 

OPTN is involved in the CaMKII-regulated cockroach allergen-induced mitophagy  365 
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DISCUSSION 366 

In the present study, we examined whether cockroach allergen, one of the major triggers for developing 367 

asthma, can induce autophagy in the airway epithelial cells and explored the role of autophagy in 368 

cockroach allergen-induced airway inflammation and its underlying mechanisms. 369 

Our in vivo results demonstrated that autophagy was increased in the lung tissues of cockroach 370 

allergen-treated mice, particularly in the airway epithelium of these mice. Further in vitro analysis in 371 

the human airway epithelial cells revealed that treatment with cockroach allergen led to increased 372 

autophagy as indicated by the increased LC3 and ATG5 and decreased p62 expression. Importantly, by 373 

visualizing autophagosome formation in real time in live cells using GFP-LC3, a mammalian 374 

expression vector containing the human LC3 gene fused at its 5’ end to the GFP gene, we found a 375 

time-dependent increase in the number of autophagosomes in the airway epithelial cells exposed to 376 

cockroach allergen. These results demonstrated that cockroach allergen could directly stimulate 377 

autophagy in airway epithelial cells. Although we mainly focused on airway epithelial cells, which are 378 

the first line of defense against environmental pollutants and allergens, cockroach allergen could also 379 

induce autophagy in other structural and immune cells. Our results support previous findings on the 380 

association of autophagy with asthma and provide further evidence that environmental allergens can 381 

induce autophagy that may contribute to epithelial cell cytokine release and subsequent airway 382 

inflammation and asthma. 383 

Despite of the increased autophagy in asthma, the exact role of autophagy in asthma remains still 384 

poorly understood. Our findings indicate that inhibition of autophagy using 3-MA, a widely used 385 

autophagy inhibitor that can block the formation of autophagosome, significantly attenuated AHR and 386 

lung eosinophilic inflammation and levels of Th2 cytokines. These results suggest that blockage of 387 

autophagy may prevent cockroach allergen-induced AHR and Th2-associated inflammation. Recent 388 

studies showed very similar results that treatment with 3-MA suppressed ovalbumin (OVA)-induced 389 
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eosinophilia, lung inflammation, oxidative stress, mitochondrial damage, and eosinophil extracellular 390 

traps formation in asthma29. Furthermore, inhibition of autophagy attenuated the OVA-induced airway 391 

epithelial fibrosis30 and HDM-induced airway inflammation, airway hyper-responsiveness, and 392 

features of airway fibrosis and remodeling5. These findings implicated that autophagy could exacerbate 393 

asthma. However, autophagy may also have a protective mechanism given that autophagy is a key 394 

homeostatic process in which cytosolic components are degraded and recycled through lysosomes. For 395 

example, autophagy deficient mice (atg5-/- and atg7-/-) develop spontaneous sterile lung inflammation31, 396 

and deficiency of cell specific autophagy (e.g., CD11C-Cre:Atg5fl/fl, ER-Cre:Atg7fl/fl) results in 397 

increased airway inflammation and airway hyper-reactivity32-34. The reasons for the dual roles of 398 

autophagy in asthma remain unclear. It is postulated that autophagy may have a protective role in 399 

maintaining homeostasis at baseline or excessive autophagy during acute infection may become 400 

detrimental in a prolonged exposure to environmental pollutants/allergens or inflammation35. 401 

Furthermore, autophagy may play distinct roles in different cell types, thereby leading to different 402 

phenotypic changes.  403 

Increased ROS have been shown to cause airway and lung damage and be associated with severity 404 

of asthma36-38. We have previously shown that environmental allergens can induce ROS, which are 405 

primary mediators to induce airway epithelial cytokine release (e.g., TSLP, IL-33)20, 39. Similarly, ROS 406 

have been considered as a key checkpoint responsible for IL-33 release from damaged airway 407 

epithelium40. Another important role of ROS is to activate autophagy7, and that persistent ROS 408 

over-production results in the dysregulation of autophagy, leading to airway epithelial cell damage, 409 

inflammatory cytokine release, and exacerbation of allergic inflammation in asthma. Thus, an 410 

attractive hypothesis would be that ROS, as signaling molecules, might contribute to epithelial barrier 411 

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

we found that cockroach allergen-induced autophagy can be blocked by either antioxidant NAC or 413 
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mitochondrial-targeted antioxidant MitoTEMPO, suggesting that ROS, particularly mitochondrial ROS, 414 

may be critical in cockroach allergen induced autophagy. In contrast, autophagy can also regulate ROS 415 

generation. Autophagy is generally thought to eliminate intracellular sources of ROS; however, 416 

prolonged activation of autophagy or impaired autophagy under a disease state may promote ROS 417 

production41. Indeed, we found that inhibition of autophagy suppressed cockroach allergen-induced 418 

ROS generation in a mouse model of asthma and in the primary airway epithelial cells. Together, these 419 

studies suggest a pathological feedforward connection between ROS and autophagy in airway 420 

epithelium that may exacerbate cytokine released and allergic airway inflammation in asthma.   421 

Our study also provides more detailed molecular mechanisms underlying ROS-autophagy 422 

interplay. It was suggested that ROS can induce autophagy by directly oxidizing autophagy-related 423 

proteins26. CaMKII has been suggested to be one of the key signaling pathways downstream to ROS 424 

and can be activated to be oxidized CaMKII8, 42. We have previously suggested a strong association for 425 

ox-CaMKII with asthma9, 11. Our current studies demonstrated a novel role for ox-CaMKII in 426 

cockroach allergen-induced autophagy. First, cockroach allergen can induce the expression of 427 

ox-CaMKII in HBECs. Next, the increased ox-CaMKII was significantly abrogated by NAC or 428 

MitoTEMPO, indicating that cockroach allergen could induce ox-CaMKII though ROS generation and 429 

mitochondrial ROS. Furthermore, ox-CaMKII may serve as a key signaling molecule that contributes 430 

to cockroach allergen-induced lung inflammation and autophagy. Especially, CaMKII MM-VVδ mice 431 

showed reduced lung inflammation and autophagy in comparison to wild type controls. This raises the 432 

possibility that the reduced inflammation may be due to the reduced autophagy in CaMKII MM-VVδ 433 

mice and further suggests that ox-CaMKII may be critical in cockroach allergen-induced autophagy 434 

and subsequently airway inflammation and asthma.  435 

To identify the underlying mechanisms by which CaMKII regulates autophagy, we tested several 436 

key signaling molecules [e.g., Beclin 112, AMPK43-45, mTOR43, 46] for autophagy activation and 437 
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determined whether CaMKII is involved in controlling their expression. Of these signaling molecules, 438 

Beclin 1 was directly phosphorylated by CaMKII to promote K63-linked ubiquitination of Beclin 1 439 

and activation of autophagy12. We found that inhibition of CaMKII could attenuate cockroach 440 

allergen-induced phosphorylation of Beclin 1, supporting that CaMKII may play a role in cockroach 441 

allergen-induced autophagy through phosphorylation of Beclin 1. Similar effects were observed for the 442 

phosphorylation of AMPK and mTOR. Additionally, CaMKII may regulate autophagy through other 443 

signaling molecules. For example, several transcription factors (e.g., p53, Forkhead box O3 444 

(FOXO3)47, Transcription Factor EB (TFEB)48] and histone modifications (histone H4K16 acetylation, 445 

H3K9 dimethylation, and H3K27 trimethylation)49 have drawn attention in regulating autophagy.  446 

Mitochondria are critical in maintaining cellular homeostasis, and the clearance of damaged or 447 

depolarized mitochondria are through mitophagy17, 50. Mitophagy is a selective degradation of 448 

mitochondria by autophagy15. It often happens to the damaged mitochondria following the exposure to 449 

environmental pollutants/allergens or stress. Defective removal of damaged mitochondria can induce 450 

hyper-activation of inflammatory signaling pathways, leading to chronic inflammation. Both enhanced 451 

and impaired mitophagy have been associated with COPD and lung fibrosis51, 52. Our current studies 452 

provide evidence that cockroach allergen can lead to mitochondrial dysfunction with decreased basal 453 

and maximal respiration and ATP turnover rate, and that inhibition of mitochondrial CaMKII can 454 

reverse this process. Furthermore, we demonstrated that cockroach allergen can induce mitophagy, and 455 

the epithelial mitochondria-targeted inhibition of CaMKII significantly suppressed cockroach 456 

allergen-induced mitophagy. Collectively, these data suggest that mitochondrial CaMKII may 457 

contribute to the cockroach allergen-mitochondrial dysfunction and mitophagy.  458 

Pink1- and Parkin-mediated mitochondrial autophagy is currently the most well established 459 

molecular mechanism for the regulation of mitophagy in mammalian cells63, 64. Active PINK1 460 

accumulates on the outer mitochondrial membrane (OMM) to recruit Parkin to damaged mitochondria, 461 
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resulting in the phosphorylation and activation of Parkin. The activated Parkin triggers the 462 

poly-ubiquitination of several OMM proteins, which interact directly with LC3 to regulate 463 

mitochondrial elimination. Studies have also suggested other proteins that are involved in the 464 

molecular regulation of mitophagy, such as Nip3-like protein X (NIX), BCL2 interacting protein 3 465 

(BNIP3), and Fun14 domain-containing protein 1 (FUNDC1)16, 53, 54. In this study, we suggest one of 466 

the novel mechanisms that CaMKII modulates mitophagy through regulating OPTN, an ubiquitin 467 

binding autophagy receptor. OPN can bind both ubiquitin and LC3 to target ubiquitinated substrates to 468 

newly forming autophagosomes for the autophagic clearance of damaged mitochondria1. Our studies 469 

demonstrated that cockroach allergen can induce the recruitment of OPTN to fragmented mitochondria, 470 

and OPTN knockdown protects against cockroach allergy-induced mitophagy. Thus, one of the 471 

potential mechanisms could be that CaMKII regulates mitophagy through regulating OPTN. However, 472 

future studies are needed to explore the mechanisms for ox-CaMKII-regulated OPTN and mitophagy. 473 

In summary, we have provided evidence for the first time that cockroach allergen induces 474 

autophagy in airway epithelial cells. Inhibition of autophagy suppresses cockroach allergen-induced 475 

AHR, airway epithelial cytokine release, and Th2-associated lung inflammation. Most importantly, we 476 

found that there is a feedforward loop between cockroach allergen-induced ROS generation and 477 

autophagy, and identified CaMKII as a linkage molecule that is activated by ROS and lead to 478 

downstream regulation of autophagy/mitophagy. We further revealed one of the novel mechanisms that 479 

CaMKII modulates mitophagy through regulating OPTN. These results suggest an 480 

allergen-ROS-ox-CaMKII-mitophagy axis in the development of allergic airway inflammation, and 481 

CaMKII may be an attractive therapeutic target for asthma. 482 
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FIGURE LEGENDS 635 

FIG 1. Cockroach allergen induces autophagy in human airway epithelial cells and asthmatic lung 636 

tissues. A, Western blot analysis of LC3-I, LC-3II, ATG5, and p62 in HBECs treated with cockroach 637 

extract (CRE) at different concentrations for 4 h. β-actin was measured as the loading control. B, 638 

Quantitative analysis of (A) (n=4). C, Representative immunofluorescence images of HBECs 639 

expressing GFP-LC3 after CRE treatment (20µg/ml), and the average number of puncta per cell was 640 

analysed in PBS and CRE-treated group (n=12, number of puncta per cell from four different 641 

high-power fields (HPFs) of three independent experiments). D, Quantitative analysis of IL-25, IL-33, 642 

and TGFβ1 levels in supernatants of PBS or CRE-treated HBECs for 4h (n=4-8). E, Representative 643 

immunofluorescence images of LC3B and ATG5 expression in lung tissues from asthmatics (n=5) and 644 

healthy controls (n=5). F, Quantitative analysis of (E). Data represent mean ± SEM. *p<0.05, **p 645 

<0.01, ***p<0.001. 646 

FIG 2. Inhibition of autophagy suppresses allergen-induced lung inflammation. A, Protocol for 647 

cockroach allergen-induced mouse model of asthma in the presence or absence of 3-MA during the 648 

challenge phase. B, Lung resistance in response to increasing concentrations of methacholine using the 649 

forced oscillation technique (FlexiVent, SCIREQ) (n=6). C, Histological examination of mouse 650 

paraffin lung sections stained with hematoxylin and eosin (H&E, upper panel) and Periodic acid–Schiff 651 

(PAS, lower panel) staining. D, Percentage of PAS+ area among total lung area. E Bronchoalveolar 652 

lavage (BAL) fluid total and differential (eosinophil, macrophage, neutrophil, and lymphocyte) cell 653 

counts as assessed by flow cytometry. F, Serum levels of cockroach allergen-specific IgE and IgG1. G, 654 

BAL fluid levels of cytokines. E-G, n=6-9. Data represent mean ± SEM from two-independent 655 

experiments. *p<0.05, **p <0.01, ***p<0.001. 656 

FIG 3. Feedforward connection between cockroach allergen-induced ROS and autophagy. A, 657 

Representative immunofluorescence images of ROS expression with dihydroethidium (DHE) in lung 658 
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tissues from cockroach allergen-induced mouse model of asthma treated with or without 3-MA (30 659 

mg/kg, i.p.). B, Quantitative analysis of florescent signal in lung tissue sections (n=8). C, 660 

Representative immunofluorescence images of mitochondrial ROS expression with MitoSOX in 661 

cockroach allergen-treated HBECs with or without 3-MA. D, Quantitative analysis of florescent signal 662 

in HBECs (n=8). E, Flow cytometry analysis of intracellular ROS production with CM-H2DCFDA. F, 663 

Quantitative analysis of flow cytometry data (n=5). G, Western blot analysis of LC3-I, LC-3II, ATG5, 664 

and p62 expression in CRE-treated HBECs in the presence or absence of either NAC or MitoTEMPO. 665 

β-actin was measured as the loading control. H, Quantitative analysis of western blots. Data represent 666 

mean ± SEM from two independent experiments. *p<0.05, **p <0.01, ***p<0.001. 667 

FIG 4. ROS-resistant CaMKII prevents allergen-induced autophagy in asthma mouse model. A, 668 

Scheme of ROS-resistant CaMKII MM-VVδ (281/282) mice generation. B, Representative 669 

immunofluorescence images of ox-CaMKII expression (green) in the airway epithelial cells (EpCAM, 670 

red) of CRE-induced mouse model of asthma with wild-type (WT) or CaMKII MM-VVδ (MM-VV δ) 671 

mice. C, Quantitative analysis of florescent signal (n=5-6). D, Representative immunofluorescence 672 

images of LC3B, Atg5, and p62 expression (red) in the airway epithelial cells (EpCAM, red) of 673 

CRE-induced mouse model of asthma with wild-type (WT) or CaMKII MM-VVδ (MM-VV δ) mice. 674 

E-G, Quantitative analysis of florescent in (D) for LC3 (E), ATG5 (F), and p62 (G) in lung tissues of 675 

CRE-induced mouse model of asthma with WT or MM-VVδ mice. n=6-8 from two independent 676 

experiments. H, Western blot analysis of LC3-I, LC-3II, ATG5, and p62 in lung tissues of 677 

CRE-induced mouse model of asthma with WT or MM-VVδ mice. β-actin was measured as the 678 

loading control. I, Quantitative analysis of western blots. Data represent mean ± SEM of two 679 

independent experiments. *p<0.05, **p <0.01, ***p<0.001 680 

FIG 5. Inhibition of mitochondrial CaMKII suppressed autophagy. A, Western blot analysis of LC3-I, 681 

LC-3II, ATG5, and p62 in Empty-GFP or Mt-CaMKIIN transfected HBECs with PBS or CRE 682 
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treatment. β-actin was measured as the loading control. (B) Quantitative analysis of western blots 683 

(n=3). C, Western blot analysis of p-AMPK, AMPK, p-BECLIN 1, BECLIN 1, p-mTOR, and mTOR 684 

expression in Empty-GFP or Mt-CaMKIIN transfected HBECs with PBS or CRE treatment. β-actin 685 

was measured as the loading control. D, Quantitative analysis of western blots. Data represent mean ± 686 

SEM of two independent experiments. *p<0.05, **p <0.01, ***p<0.001. 687 

FIG 6. Inhibition of mitochondrial CaMKII protects against allergen-induced mitochondrial 688 

respiration. A, Oxygen consumption rate (OCR) under basal conditions followed by the sequential 689 

measurements after addition of oligomycin, FCCP, rotenone and antimycin A were determined by Mito 690 

Stress test. B, HBECs were transfected with Mt-CaMKIIN and then treated with CRE for OCR 691 

measurement. C, Measurement of basal respiration, ATP production, H leak, maximal respiration, and 692 

spare respiration capacity in CRE-treated HBECs. n=7-8. Data represent mean ± SEM of two 693 

independent experiments. p<0.05, **p <0.01, ***p<0.001. 694 

FIG 7. Inhibition of mitochondrial CaMKII suppressed cockroach allergen-induced mitophagy in 695 

airway epithelial cells. A, Scheme of mitophagy detection with mitochondrially targeted Keima-Red 696 

(MT-mKeima-Red). B, Representative immunofluorescence images of mitophagy with 697 

MT-mKeima-Red (red) and mitochondria (Mitotracker, green) in Empty-GFP or Mt-CaMKIIN 698 

transfected HBECs with PBS or CRE treatment. C, Quantitative analysis of florescent signals in 699 

HBECs (n=10-18). D, Quantitative analysis of IL-25, IL-33, and TGFβ1 levels in supernatants of in 700 

Mock or CaMKIIN transfected HBECs with PBS or CRE treatment for 4h (n=4). Data represent mean 701 

± SEM. *p<0.05, **p <0.01, ***p<0.001). 702 

FIG 8. Inhibition of mitochondrial CaMKII suppressed mitophagy through controlling OPTN. A, 703 

qPCR analysis of ULK1, PINK1, PARKIN, and OPTN in Empty-GFP or Mt-CaMKIIN transfected 704 

HBECs with PBS or CRE treatment (n=6). B, Representative immunofluorescence images of HBECs 705 

expressing OPTN-GFP after CRE treatment in the presence or absence of Mt-CaMKIIN transfection. 706 
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C-D, Number of OPTN foci (C) and percentage (D) of OPTN-MitoTracker were quantified in PBS 707 

and CRE-treated group. n=10-18. E, Representative images of mitophagy with MT-mKeima-Red (red) 708 

and mitochondria (Mitotracker, green) in LV-shRNA-Mock or LV-shRNA-OPTN transfected HBECs 709 

with PBS or CRE treatment. F, Quantitative analysis of florescent signals in HBECs (n=16). Data 710 

represent mean ± SEM from two independent experiments. *p<0.05, **p <0.01, ***p<0.001. 711 
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