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ABSTRACT 

Background: Interleukin (IL)-33 is implicated in the pathophysiology of asthma and allergic diseases. However, our knowledge is limited regarding how IL-33 release is controlled. The transcription factor nuclear factor-erythroid-2-related factor 2 (Nrf2) plays a key role in antioxidant response regulation.  
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Objective: The goal of this project was to investigate the role of cellular oxidative stress in controlling IL-33 release in airway epithelium. 
Methods: Complementary approaches were used that included human bronchial epithelial cells and mouse models of airway type-2 immunity that were exposed to fungus Alternaria extract. The clinically available Nrf2 activator 2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid methyl ester (CDDO-Me) was used to evaluate the role of Nrf2-induced antioxidant molecules.  
Results: Human bronchial epithelial cells produced reactive oxygen species (ROS) when they were exposed to Alternaria extract. ROS scavengers, such as glutathione (GSH) and N-acetyl cysteine, prevented extracellular secretion of ATP and increases in intracellular calcium concentrations that precede IL-33 release. Administration of CDDO-Me to mice enhanced expression of a number of antioxidant molecules in the lungs and elevated lung levels of endogenous GSH. Importantly, CDDO-Me treatment reduced allergen-induced ATP secretion and IL-33 release by airway epithelial cells in vitro and protected mice from IL-33 release and asthma-like pathological changes in the lungs.  
Conclusions: The balance between oxidative stress and antioxidant responses plays a key role in controlling IL-33 release in airway epithelium. The therapeutic potential of Nrf2 activators needs to be considered for asthma and allergic airway diseases.  
Keywords  Airway epithelial cells, IL-33, reactive oxygen species, Nrf2, asthma, lung  
INTRODUCTION    The incidence of asthma and allergic diseases has increased over the past 50 years (1). However, the mainstay of asthma therapy is the use of adrenergic bronchodilators and corticosteroids, which has not changed for more than 40 years (2). Furthermore, severe corticosteroid-refractory patients with asthma represent a difficult current medical problem (3). The cost, tolerability, and side effects of asthma medications, including newly-developed biologics, also need to be considered (4). Therefore, there is a clear need for development of new drugs to treat asthma that complement or overcome the shortcoming of those that are currently available.   Cytokines produced by epithelial cells and other cell types at the barrier surface, including thymic stromal lymphopoietin (TSLP), IL-25, and IL-33, play an important role in regulating type 2 immunity (5). Among these cytokines, IL-33 is unique in that it is constitutively expressed and stored in the nucleus of tissue cells (6). Nuclear localization is likely critical for IL-33 regulation because a lack of the nuclear localization domain causes extracellular leakage of the cytokine and subsequent lethal eosinophilic and neutrophilic inflammation of various organs (7). Abundant in vitro and in vivo evidence now supports roles for IL-33 in innate and adaptive type-2 immune responses (8). Evidence suggesting roles for IL-
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33 in human asthma and allergic diseases has been forthcoming (9, 10). Despite these advances in the field, the mechanisms responsible for production and release of IL-33 are still poorly understood.   Oxidative stress is involved in various biological and pathologic processes (11). The potential roles for oxidative stress in asthma and allergies have been studied (12). However, the results from therapeutic studies of these diseases with exogenous antioxidant agents have been inconclusive (13). A detailed mechanistic understanding of how oxidative stress is involved in the development and/or exacerbation of allergic airway inflammation is still lacking.  Recent studies show that a key element in the regulation of oxidative stress is the transcription factor nuclear factor-erythroid-2-related factor 2 (Nrf2) (14, 15). Under physiologic conditions, Nrf2 is localized and suppressed in the cytoplasm by binding to Kelch-like ECH-associated protein 1 (Keap1). Upon exposure to oxidative stress, Nrf2 translocates to the nucleus and initiates transcription of more than 200 antioxidant and cytoprotective genes (16). Because the Nrf2 pathway would provide broad control over oxidative stress responses by activating a number of antioxidant molecules, it could be a therapeutic target for a variety of diseases such as neurodegenerative disorders, diabetes complications, and cardiovascular diseases (17, 18). The Nrf2 pathway may be particularly relevant to the lungs because the organ is exposed to a variety of oxidative insults from our atmospheric environment, including tobacco smoke, air pollution, and allergens. Indeed, asthma is generally characterized by a loss of antioxidant activities (12). Thus, the goals of this project were to investigate the role of oxidative stress in controlling IL-33 release in airway epithelium and to examine the efficacy of Nrf2-activators for protecting hosts from type-2 immune responses and airway inflammation.   
MATERIALS AND METHODS 

Mice and reagents 

 BALB/cJ mice were obtained from the Jackson Laboratory (Bar Harbor, ME). Il1rl1-/- (ST2-/-) mice on the BALB/c background (19) were a generous gift from Dr. Andrew N. McKenzie (Medical Research Council Laboratory of Molecular Biology, Cambridge, United Kingdom) and were bred in the animal facility at the Mayo Clinic (Rochester, MN). Seven- to nine-week-old female mice were used in this study. The procedures and handling of the mice were reviewed and approved by the Mayo Clinic Institutional Animal Care and Use Committee. Extracts of 
Alternaria (Alternaria alternata), Aspergillus (Aspergillus fumigatus), German cockroach, and house dust mite (HDM) were purchased from Greer Laboratories (Lenoir, NC). The Nrf2 activator 2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid methyl ester (CDDO-Me) was purchased from Cayman Chemical (Ann Arbor, MI). Reduced L-glutathione (GSH), N-acetylcysteine (NAC), resveratrol, uric acid (UA), and diphenyleneiodonium chloride (DPI) were purchased from Sigma-Aldrich (St. Louis, MO). IL-33 was purchased from eBioscience (San Diego, CA) and contained <0.1 ng/ml endotoxin.   Detailed Materials and Methods are fully described in the supporting information of this article.  
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RESULTS 

Allergen exposure induces oxidative stress in bronchial epithelial cells    A strong association has been established between exposure to the fungus Alternaria 
alternata and allergic airway diseases, in particular severe asthma and life-threatening exacerbation (20, 21). Therefore, we investigated whether airway epithelial cells exhibit an oxidative stress response to Alternaria extract by using cell-permeable reactive oxygen species (ROS)-sensing fluorogenic probes. Human bronchial epithelial (hBE) cells were exposed to 100 
μg/ml Alternaria extract for 15 minutes, and production of intracellular ROS was examined by a cytoplasm-localizing ROS probe (CellROX® Orange). As compared to hBE cells exposed to medium alone, significant increases in cytoplasmic fluorescence was detected in Alternaria-exposed hBE cells, consistent with an increase in ROS production within this compartment (Figure 1A,B). Similar findings were observed with nuclear-localizing probes (CellROX® Green) (Figure 1A,B). Kinetic studies showed that an increase in cytoplasmic ROS was observed as early as 5 minutes after cellular exposure to Alternaria extract, and that the level continued to increase at least for 20 minutes (Figure S1). Pretreatment with the ROS scavenger GSH (5 mM) abolished the increase in Alternaria-induced ROS production (Figure 1A,B). Altogether, these findings suggest that GSH-sensitive ROS are quickly produced within the cytoplasm and nucleus of hBE cells when they are exposed to Alternaria extract.  
Oxidative stress is involved in ATP secretion and increased [Ca2+]i 

 While the molecular mechanisms involved in IL-33 release are not fully understood, several studies indicate that increased extracellular ATP levels and intracellular calcium concentrations ([Ca2+]i) play a critical role in initiating IL-33 release (22-24). To investigate the relationship between Alternaria-evoked ROS production and ATP secretion, we pretreated hBE cells with varying concentrations of GSH. As shown previously (22, 25), exposure to Alternaria induced a rapid increase in extracellular ATP concentrations that was inhibited by GSH (Figure 1C); the IC50 for 100 µg/ml Alternaria extract was 0.73±0.04 mM GSH. Furthermore, greater concentrations of GSH were required to inhibit ATP release induced by greater concentrations of Alternaria extract (i.e. 200 µg/ml). Alternaria-evoked ATP release was also inhibited by other common ROS scavengers, including UA and NAC (Figure 1D), which had IC50 values of 0.24±0.03 mM and 0.71±0.04 mM, respectively (n=6). In addition, pretreatment of hBE cells with DPI, which inhibits mitochondrial ROS production (26), also inhibited ATP release with an IC50 of 14.1±1.2 µM (n=6).   ROS scavengers were also effective in preventing the prolonged increase in [Ca2+]i after 
Alternaria exposure. As shown in Figure 2A,B, Alternaria initiated an increase in [Ca2+]i within 7 minutes that continued for at least 15 minutes; pretreatment with 5 mM GSH completely inhibited this response. Similarly, pretreatment with 100 µM DPI prior to stimulation with 
Alternaria extract inhibited the increase in [Ca2+]i (Figure 2B). Together, these findings suggest that oxidative stress is involved in ATP release and sustained elevation of [Ca2+]i in airway epithelial cells exposed to Alternaria.  
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Oxidative stress is involved in allergen-induced IL-33 release by hBE cells  Because oxidative stress is involved in acute cellular responses to Alternaria exposure, we examined whether oxidative stress is involved in IL-33 secretion. IL-33 is abundantly expressed by basal airway epithelial cells, but expression is lost when these cells differentiate into ciliated epithelial cells (27). Human primary airway epithelial cells derived from nasal scrapings or bronchial brushings and primary hBE cells from commercial sources (e.g. Lonza and Lifeline Cell Technology) contain small and varying amounts of IL-33 protein (22). Therefore, we created a new human airway epithelial cell model that allows us to evaluate the effects of various pharmacologic agents on IL-33 release. We introduced the full-length human IL-33 gene and a transposase gene into immortalized hBE cells to achieve stable expression of full-length IL-33 (hBE33 cells; Figure 3A) (see the Materials and Methods section in the supporting information for more details). hBE33 cells have a long lifespan and stably express IL-33 even after a number of passages (1082±142 pg IL-33/105 cells, n=10). IL-33 protein was localized to the nuclei of hBE33 cells (Figure 3B) as in native hBE cells (6, 22).  When hBE33 cells were exposed to Alternaria extract, IL-33 was released into cell-free supernatant as early as 30 minutes after exposure (Figure 3C). Western blot analysis showed that processed 19-kDa IL-33 was released into the extracellular media, while full-length 31-kDa IL-33 was retained within the cells (Figure 3D). Importantly, ROS scavengers, including GSH and NAC, significantly inhibited Alternaria-evoked IL-33 secretion (Figure 3E, p<0.01). IL-33 release was also observed when hBE33 cells were stimulated with extracts of other common allergens, including Aspergillus, cockroach, and HDM (Figure 3F). GSH and NAC inhibited IL-33 release induced by cockroach or Aspergillus extract, but not IL-33 release induced by HDM extract (Figure 3G). GSH did not affect production of RANTES by hBE cells that were exposed to 100 µg/ml Alternaria extract (Figure S2), suggesting that it is unlikely that GSH causes non-specific inhibitory effects on hBE cells.   
Oxidative stress is involved in Alternaria-induced IL-33 release in vivo  To investigate the role of oxidative stress in IL-33 release in vivo, we used a mouse model. When naïve mice were exposed to Alternaria extract, BAL IL-33 levels increased within 1 hour and declined thereafter, while lung levels of IL-33 reached a peak 6 hours after exposure (Figure 4A). After 1 hour, processed 19-kDa IL-33 was detected in BAL fluids, while the full-length 31-kDa IL-33 remained in the lung tissues (Figure 4B), which was similar to the observations from the hBE33 in vitro model (Figure 3D). Importantly, administration of the ROS scavengers GSH and NAC to the airways abolished Alternaria-induced IL-33 secretion and type-2 cytokine production (Figure 4C,D). However, GSH did not affect IL-33-driven type-2 cytokine production (Figure 4D). Thus, oxidative stress plays a key role in allergen-induced IL-33 secretion in airway epithelium both in vitro and in vivo. 
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Activation of the antioxidant transcription factor Nrf2 protects epithelial cells from oxidative 
stress and IL-33 release  Oxidative stress is a result of an imbalance between ROS generation and its removal by various antioxidant molecules (28). Recent studies show that a key element in the regulation of antioxidant molecules is the master transcription factor Nrf2 (14-16). In human lung epithelial cells, treatment with the stilbenoid resveratrol induces Nrf2 activation that subsequently inhibits cigarette smoke-induced oxidative stress (29). Similarly, the synthetic oleanane triterpenoid CDDO-Me, which is an Nrf2 activator, is being tested in clinical trials for several diseases (17, 18, 30). Therefore, we examined the effects of resveratrol and CDDO-Me on 
Alternaria-evoked oxidative stress in hBE cells.   Pretreatment of hBE cells with 50 nM CDDO-Me or 25 µM resveratrol for 24 hours blocked the increase in CellROX® Orange fluorescence induced by 100 µg/ml Alternaria extract (Figure 5A,B, Figure S3A). Similarly, the ATP secretion evoked by Alternaria exposure was abolished in hBE cells pretreated with CDDO-Me or resveratrol (Figure 5C, Figure S3B). Pretreatment with CDDO-Me or resveratrol also inhibited Alternaria-induced increases in [Ca2+]i (Figure 5D,E, Figure S3C), suggesting that pharmacologic Nrf2 activators inhibit allergen-induced ROS production in epithelial cells and protect them from subsequent ATP release and increases in [Ca2+]i.  To examine the effects of these Nrf2 activators on IL-33 release, hBE33 cells were pretreated with various concentrations of CDDO-Me and resveratrol and then exposed to 
Alternaria extract. CDDO-Me and resveratrol inhibited IL-33 release with IC50s of approximately 15 nM and 3 µM, respectively (Figure 5F). CDDO-Me at 50 nM and resveratrol at 25 µM nearly abolished IL-33 release, consistent with their inhibitory effects on ATP secretion and [Ca2+]i increases. Altogether, these findings suggest that pharmacologic activators of the Nrf2 pathway are effective at preventing oxidative stress and subsequent IL-33 release in allergen-exposed airway epithelial cells.  
CDDO-Me activates the expression of multiple antioxidant molecules in the lungs  To examine whether Nrf2 activators modulate the balance between oxidants and antioxidants in the lungs, we administered CDDO-Me to mice and used PCR arrays to screen for expression of antioxidant molecule genes in the lungs. Mice were given 50 µg CDDO-Me i.p. daily for 18 days, which is equivalent to roughly 12.5 mg CDDO-Me per dose in humans (31). As a reference, human non-cancer clinical trials have used a daily oral dose of 20 mg to 150 mg CDDO-Me (32). The genes with expression in CDDO-Me-treated mice that were more than doubled compared to DMSO-treated control mice included glutamate-cysteine ligase catalytic (Gclc), glutathione S-transferase pi 1 (Gstp1), NADPH:quionone oxidoreductase (Nqo1), thioredoxin 1 (Txnrd1), aldehyde oxidase 1 (Aox1), sulfiredoxin 1 (Srxn1), and heat shock protein family member 1A (Hspa1a) (Figure S4). These are all previously reported Nrf2 target genes (28).  To examine whether CDDO-Me modulates GSH levels in the lungs, we treated mice with 100 µg CDDO-Me i.p. daily for 3 days and then exposed them to 50 µg Alternaria extract (Figure S5A). As expected, GSH was constitutively detected in both BAL fluids and lung tissue in control 
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mice treated with DMSO. CDDO-Me treatment further elevated the levels of GSH in BAL fluids and lungs by 98% and 40%, respectively (Figure S5B). When CDDO-Me-treated mice were exposed to Alternaria extract, significant reductions were observed in IL-33 released into airway lumens (p<0.05).  
Nrf2 activation inhibits allergic airway inflammation  Given the inhibitory effects of CDDO-Me on IL-33 release, we investigated whether Nrf2 activation affects airway inflammation and pathology induced by allergen exposure in vivo. Naïve BALB/c mice were treated with CDDO-Me or DMSO (control) and exposed to Alternaria extract three times per week for 2 weeks (Figure 6A). In this sub-chronic exposure model, the control mice developed marked airway eosinophilia and increases in IL-5 and IL-13 protein expression in lungs (Figure 6B); total serum IgE levels also increased. Alternaria-induced airway eosinophilia and enhanced expression of type-2 cytokines in lungs were significantly decreased in mice deficient in the IL-33 receptor ST2 (Figure S6), suggesting that IL-33 plays a key role in this model. Importantly, these allergic immune responses were nearly abolished (airway eosinophilia and IgE expression) or significantly inhibited (IL-5 and IL-13 expression, p<0.05 and p<0.01, respectively) in mice treated with CDDO-Me (Figure 6B). Histologic examination of lung tissues showed peribronchial infiltration of inflammatory cells and mucus hyperplasia in 
Alternaria-exposed control mice; these responses were significantly reduced in mice treated with CDDO-Me (Figure 6C,D, p<0.05).   
DISCUSSION  The role of IL-33 in asthma and allergic diseases has been increasingly recognized (8-10). However, little information is available regarding the regulatory mechanisms of this cytokine. A novel concept derived from this study is that airway epithelial cells develop an oxidative stress response upon exposure to airborne allergens and that this response is critical for initiation of a series of biochemical events, such as ATP secretion and [Ca2+]i increases, that lead to extracellular release of processed IL-33. Inhibition of oxidative stress by exogenous ROS scavengers strongly suppressed these cellular events. Furthermore, pharmacologic activation of endogenous antioxidant molecules by Nrf2 activators reduced IL-33 release by airway epithelial cells and prevented development of asthma-like airway inflammation in mice. Altogether, these findings suggest that oxidative stress plays a pivotal role in regulating IL-33 release by airway epithelium.    ROS are well-conserved cellular response molecules, as are ATP and calcium. A complex network of these molecules likely takes place in response to cellular stresses (33). Furthermore, a recent study showed that allergen-induced ATP secretion activates the NADPH oxidase dual oxidase 1 (DUOX1), leading to redox-dependent activation of Src/EGFR, which mediates IL-33 processing and secretion (24). In this study, the intracellular levels of ROS increased roughly in parallel to ATP secretion (Figure 1, Figure S1), and the increase in ROS levels preceded the increase in [Ca2+]i (Figure 2). Furthermore, the inhibitory effects of ROS scavengers and DPI indicate that allergen-induced ROS initiates ATP secretion and the increase in [Ca2+]i (Figure 1). Thus, oxidative stress is likely involved both upstream and downstream of ATP release in 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

allergen-exposed airway epithelial cells. The molecular mechanisms that explain how ROS initiate ATP release are an active area of research. For example, hBE cells express connexin 43 (Cx43), which serves as a hemichannel to mediate ATP release in the plasma membrane of various cell types (34). Exposure of hBE cells to oxidants, such as H2O2, induces PI3K signaling leading to the activation of AKT (35), which directly phosphorylates Cx43 on Ser-369 and Ser-373 residues, thus inducing Cx43 opening (36). Therefore, ROS induced by allergen exposure could activate AKT-dependent phosphorylation of Cx43 and trigger initial ATP secretion. Future studies are necessary to investigate this hypothesis.  Generally, the redox state of the healthy lung is reducing due to the abundance of antioxidant molecules available on the surface of, and within, airway epithelial cells (37). Potential roles for imbalance in this homeostasis in the pathophysiology of asthma have been recognized (12). In this regard, Nrf2 is likely the most important regulator of antioxidant molecules (14-16, 28). Significant effort has been taken recently to develop pharmacologic agents that selectively activate the Nrf2 pathway (32). Indeed, one of these agents, CDDO-Me, enhances expression of various endogenous antioxidant molecules in wild-type mice, but not in 
Nrf2-/- mice (38). In this study, treatment with CDDO-Me enhanced steady-state expression of glutamate-cysteine ligase (GCL), thyoredoxin reductase (TXNRD), NADPH quinone dehydrogenase (NQO1), and glutathione S-transferase pi 1 (GSTP1) in mouse lungs (Figure S4). GCL catalyzes GSH synthesis and TXNRD catalyzes reduction of cystine to cysteine, thus promoting GSH synthesis (28). NADPH is a reducing agent and is required for the regeneration of GSH and TXNRD. GSTP1 is a ROS-detoxifying enzyme. Therefore, these molecules likely work together to promote potent antioxidant responses in the lungs. Indeed, CDDO-Me treatment increased the steady-state BAL and lung levels of GSH by 98% and 40%, respectively (Figure S5B).   When used in an in vitro allergen exposure model, CDDO-Me at nanomolar concentrations prevented increases in intracellular ROS and extracellular IL-33 release (Figure 5). CDDO-Me also partially inhibited IL-33 release in vivo in mice (Figure S5B) and significantly inhibited airway inflammation when mice were exposed repeatedly to Alternaria extract (Figure 6). We acknowledge that potential off-target effects of CDDO-Me cannot be ruled out, as with any pharmacologic agent. Indeed, while we verified activation of a number of Nrf2-target genes (Figure S4), the efficacy of CDDO-Me may involve other molecules that may or may not be regulated by redox, such as peroxisome proliferation-activated receptor γ (PPARγ) and the nuclear factor-κB pathway (39). Nonetheless, epithelium-specific activation of Nrf2 through a conditional Keap1 knockout strategy demonstrated cytoprotective effects of Nrf2 in mouse airways (40). Furthermore, airway administration of exogenous GSH prevented IL-33 release and the ensuing innate type-2 immune response when mice were exposed to extracts of 
Alternaria (Figure 4). In contrast, GSH did not affect IL-33-induced production of type-2 cytokines, suggesting that it does not inhibit activation of group 2 innate lymphoid cells directly. Thus, activation of Nrf2 and production of antioxidant molecules, such as GSH, likely create a protective environment in allergen-exposed airway epithelium.  Finally, recent discoveries of epithelium-derived cytokines that mediate type-2 immune responses, such as IL-25, IL-33, and TSLP (5), opened a new window for the treatment of patients with asthma and allergic diseases. These molecules and their receptors can be targeted directly with biologic agents such as antibodies (4, 41). Alternatively, the pathways leading to production and secretion of these molecules can be altered by pharmacologic agents. In this 
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regard, our findings, together with those of others (24), suggest that oxidative stress serves as a key checkpoint by which airway epithelium initiates IL-33 release in response to allergen exposure. Furthermore, GSH levels in lung epithelial lining fluid decreases quickly after allergen exposure in humans (42), and a lack of Nrf2 favors Th2-type immune responses in airways (43). Therefore, activation of Nrf2 and its target antioxidant molecules may provide an excellent opportunity for regulating airway redox states and disease processes. Thus, the potential utility of Nrf2 activators for treatment of patients with asthma and related disorders must be considered as Nrf2 activators have already been examined in other medical fields (16-18, 28, 30). Furthermore, identification of biomarkers to evaluate airway oxidative stress in patients with asthma will be necessary to identify appropriate patient populations and to evaluate treatment outcomes.  
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Figure S5. A Nrf2 activator inhibits IL-33 release induced by acute Alternaria exposure.  Figure S6. Alternaria-induced airway inflammation is dependent on the IL-33/ST2 pathway.  
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FIGURE LEGENDS 

Figure 1. Oxidative stress is involved in ATP secretion by normal human bronchial epithelial (hBE) cells exposed to Alternaria extract. A, Fluorescence images of hBE cells labeled with CellROX® Orange (top panels) and CellROX® Green (lower panels). hBE cells were pretreated with GSH or medium alone, exposed to 100 µg/ml Alternaria extract for 15 minutes, and incubated with CellROX® Orange or CellROX® Green dye. B, Quantitative analysis of CellROX® Orange and CellROX® Green probe fluorescence intensities (n=25 for each condition). ** p<0.01 between groups indicated by horizontal lines. C, hBE cells were preincubated with GSH and exposed to Alternaria extract. Real-time release of ATP into extracellular medium was quantitated by a bioluminescent probe. Left panel shows concentration-dependent effects of GSH on Alternaria extract-induced ATP release kinetics (n=6). Right panel shows a concentration-response relationship with two different concentrations of Alternaria extract (n=6). D, Concentration-response relationship showing the effect of uric acid (UA), N-acetyl-cysteine (NAC), and diphenylene iodonium chloride (DPI) on Alternaria extract-induced ATP release (n=6).  
Figure 2. GSH and DPI block increases in [Ca2+]i in human bronchial epithelial (hBE) cells exposed to Alternaria extract. hBE cells were cultured in chamber slides, loaded with Fura-2 AM, and mounted on the stage of an inverted microscope equipped for fluorescence imaging. The cells were pretreated with 5 mM GSH, 100 µM diphenylene iodonium chloride (DPI) or medium alone and exposed to 100 µg/ml Alternaria extract. A, Representative images 15 minutes after exposure to Alternaria extract. B, Kinetics of [Ca2+]i in hBE cells (n=6 experiments).  
Figure 3. ROS scavengers inhibit IL-33 secretion by human bronchial epithelial (hBE) cells exposed to allergen extracts. A, Schematic diagram showing generation of hBE cells that constitutively express IL-33 (hBE33 cells). B, Confocal microscopic images of hBE33 cells. Upper panels show bright field and eGFP images. Lower panels show hBE33 cells stained with rabbit anti-human IL-33 and DAPI. C, IL-33 release by hBE33 cells exposed to Alternaria extract. Left panel shows kinetics of IL-33 release following exposure to 100 µg/ml Alternaria extract (representative of two experiments). Right panel shows a concentration-response relationship at the 1-hour time point (n=12, ** p<0.01 compared to no Alternaria). D, hBE33 cells were exposed to the indicated concentrations of Alternaria extract for 1 hour. Cell-free supernatants 
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and cellular lysates were analyzed by Western blot. Data shown are representative of three experiments. E, hBE33 cells were preincubated with GSH (left panel) or NAC (right panel) and exposed to the indicated concentrations of Alternaria extract for 1 hour. IL-33 concentrations in supernatants are normalized to the values without GSH or NAC as 100% and presented as mean±SEM (n=4 experiments) ** p<0.01 compared to no GSH or NAC. F, hBE33 cells were exposed to allergen extracts for 1 hour. Data are representative of three experiments. G, hBE33 cells were preincubated with GSH and exposed to allergen extracts for 1 hour. IL-33 concentrations in supernatants were normalized to the values without GSH as 100% and presented as mean±SEM (n=4 experiments) ** p<0.01 compared to no GSH.   
Figure 4. ROS scavengers inhibit IL-33 release and type-2 immune responses in mice exposed to Alternaria extract. A, Naïve BALB/c mice were administered i.n. 50 µg Alternaria extract or PBS. IL-33 levels in BAL fluid supernatants (left panel) and lung lysates (right panel) were analyzed by ELISA. Data are presented as mean±SEM of five mice and are representative of two experiments. * p<0.05 compared to PBS. B, BAL fluid supernatants and lung lysates from naïve mice or those administered i.n. PBS or Alternaria extract after 1 hour were analyzed by Western blot. The results are representative of three experiments with two mice/group. C, Alternaria extract was administered i.n. with various doses of GSH or NAC to naïve BALB/c mice. IL-33 levels in BAL supernatants were analyzed 1 hour later. Data are mean±SEM and are representative of two experiments with three mice/group. *p<0.05 and **p<0.01 compared to no GSH or NAC. D, Naïve BALB/c mice were administered i.n. Alternaria extract or IL-33 with or without 1 mg GSH. BAL fluids were collected 6 hours later. Data are mean±SEM and are representative of two experiments with four mice/group. *p<0.05 between the groups indicated by horizontal lines.  
Figure 5. Treatment with Nrf2 activators inhibits oxidative stress and IL-33 release in human bronchial epithelial (hBE) cells. A, hBE cells were preincubated with medium alone or 50 nM CDDO-Me for 24 hours and exposed to Alternaria extract, followed by CellROX® Orange dye. Representative images are shown. B, Quantitative analysis of CellROX® Orange probe fluorescence intensities (mean±SEM, n=25). * p<0.05 between groups indicated by horizontal lines. C, hBE cells were treated similar to those in A. ATP release into extracellular medium was quantitated (mean±SEM, n=4). * p<0.05 between groups indicated by horizontal lines. D,E, hBE cells were preincubated with medium alone or CDDO-Me for 24 hours, and exposed to 
Alternaria extract. Representative images are shown in Panel D and kinetics changes in [Ca2+]i are shown in Panel E. Data are representative of four experiments. F, hBE33 cells were preincubated with the indicated concentrations of CDDO-Me or resveratrol for 24 hours and exposed to Alternaria extract. IL-33 concentrations in cell-free supernatants were normalized to the values without drugs as 100%. Data are presented as mean±SEM from three experiments. * p<0.05 compared to no drugs.  
Figure 6. A Nrf2 activator inhibits airway inflammation and pathology in mice exposed repeatedly to Alternaria extract. A, Schematic diagram. Naïve BALB/c mice were pretreated daily with 50 µg CDDO-Me i.p. for 3 days and exposed i.n. to Alternaria extract (10 µg) 3 
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times/week for 2 weeks. Daily CDDO-Me treatment was continued throughout the experiment. Samples were collected 24 hours after the last Alternaria exposure. B, BAL fluids were analyzed by differential cell counts (left panel); cytokine levels in lung lysates (middle panel) and total IgE in sera (right panel) were analyzed by ELISA. Data are presented as mean±SEM from a pool of two experiments (n=7 or 10 mice in each group). *p<0.05 and **p<0.01 between groups indicated by horizontal lines. C, Lung specimens were analyzed by H&E and PAS staining. D, PAS-positive areas were quantitated by image analysis as described in the Materials and Methods. Data are presented as mean±SEM (n=3 mice in each group). *p<0.05 between groups indicated by horizontal lines.      
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