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Abstract

Background: Cold exposure can trigger asthma attacks. However, the underlying mechanism is yet to be elucidated. We

hypothesize that low temperature reduces occludin expression and compromises airway epithelial barrier function, which, in

turn, results in asthma exacerbation. Methods: We examined occludin expression in Beas-2B cells exposed to either 29 °C or

37 °C. The following drugs were administered prior to cold treatment: MG132 (a proteasome inhibitor), cycloheximide (a protein

synthesis inhibitor), HC-067047 plus GSK2193874 (transient receptor potential vanilloid 4 [TRPV4] antagonists), or C4-ceramide

(an SGK1 activator). siNedd4-2 was transfected into Beas-2B cells to investigate the role of Nedd4-2 in mediating cold-induced

occludin instability. In animal experiments, we treated ovalbumin (OVA)-induced asthmatic mice with either a thermoneutral

temperature of 30 °C or repeated cold stress (10 °C, 6 h/day) for 2 weeks. Either GSK2193874 or C4-ceramide was administered

during the cold treatment. After a final OVA challenge, pulmonary permeability, serum IgE levels, and lung inflammation were

assessed. Results: Treatment at 29 °C for 1-9 h significantly reduced Beas-2B cell occludin expression, which was rescued upon

treatment with MG132, HC-067047 plus GSK2193874, C4-ceramide, or the Nedd4-2 knockdown. Notably, low temperatures

affected occludin stability through SGK1/Nedd4-2-dependent proteolysis. In vivo analyses revealed that repeated cold exposure

compromised the airway epithelial barrier function and exacerbated lung inflammation in mice, which was partially attenuated

by the GSK2193874 or C4-ceramide injection. Conclusions: We identified a new mechanism underlying cold-induced asthma

exacerbation that may involve SGK1/Nedd4-2-mediated occludin proteolysis, resulting in epithelial barrier dysfunction.

Cold exposure-induced asthma exacerbation through airway epithelial barrier disruption in
mice
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Tingyang Zhou1, ,WenjingLiao1, , XiaofenWang1, , Y iyanWang1, 5, PingchangY ang1, 2, 3, 4, DeminHan1, 2, 3, *, NanshanZhong1, 2, 3, *, XiaowenZhang1, 2, 3, 5, *1. State Key Laboratory of Respiratory Disease, Department of Otolaryngology, Head & Neck Surgery, Laboratory of ENT-HNS Disease, First Affiliated Hospital of Guangzhou Medical University, Guangzhou, China. 2. Innovation and transformation platform of upper airway disease in Guangdong province. 3. Department of Allergy and Clinical Immunology, the First Affiliated Hospital, Guangzhou Medical University, Guangzhou, China. 4. Research Center of Allergy & Immunology, Shenzhen University School of Medicine, Shenzhen, China. 5. Department of Otolaryngology, Fifth Affiliated Hospital of Guangzhou Medical University, Guangzhou, China. Contributed equally*Corresponding author Xiaowen Zhang, Department of Otolaryngology–Head and Neck Surgery, Laboratory of ENT-HNS Disease, First Affiliated Hospital of Guangzhou Medical University, No. 151 Yanjiangxi Road, Guangzhou, Guangdong, China. E–mail: entxiaowen@163.com; Nan-Shan Zhong, State Key Laboratory of Respiratory Disease, National Clinical Research Center for Respiratory Disease, Guangzhou Institute of Respiratory Health, The First Affiliated Hospital of Guangzhou Medical University, 151 Yanjiang Road, Guangzhou, Guangdong, China. E-mail: moc.361.piv@nahsnan Deming Han, Department of Otolaryngology Head and Neck Surgery, Beijing Tongren Hospital, Capital Medical University, No. 8 Chongwenmen Inner Street, Dongcheng District, Beijing, China E-mail: handeminent@163.com Acknowledgments: We acknowledge the assistance from Junyang Xie and Tianhao Liang during the paper preparation. This study was supported by National Natural Science Foundation of China (Grant No. 82000027) and National Key Clinical Specialty and Key medical discipline (2021-2023) project of Guangzhou. Word count: 6017 Abstract Background: Cold exposure can trigger asthma attacks. However, the underlying mechanism is yet to be elucidated. We hypothesize that low temperature reduces occludin expression and compromises airway epithelial barrier function, which, in turn, results in asthma exacerbation. Methods: We examined occludin expression in Beas-2B cells exposed to either 29 °C or 37 °C. The following drugs were administered prior to cold treatment: MG132 (a proteasome inhibitor), cycloheximide (a protein synthesis inhibitor), HC-067047 plus GSK2193874 (transient receptor potential vanilloid 4 [TRPV4] antagonists), or C4-ceramide (an SGK1 activator). siNedd4-2 was transfected into Beas-2B cells to investigate the role of Nedd4-2 in mediating cold-induced occludin instability. In animal experiments, we treated ovalbumin (OVA)-induced asthmatic mice with either a thermoneutral temperature of 30 °C or repeated cold stress (10 °C, 6 h/day) for 2 weeks. Either GSK2193874 or C4-ceramide was administered during the cold treatment. After a final OVA challenge, pulmonary permeability, serum IgE levels, and lung inflammation were assessed. Results: Treatment at 29 °C for 1-9 h significantly reduced Beas-2B cell occludin expression, which was rescued upon treatment with MG132, HC-067047 plus GSK2193874, C4-ceramide, or the Nedd4-2 knockdown. Notably, low temperatures affected occludin stability through SGK1/Nedd4-2-dependent proteolysis. In vivo analyses revealed that repeated cold exposure compromised the airway epithelial barrier function and exacerbated lung inflammation in mice, which was partially attenuated by the GSK2193874 or C4-ceramide injection. Conclusions: We identified a new mechanism underlying cold-induced asthma exacerbation that may involve SGK1/Nedd4-2-mediated occludin proteolysis, resulting in epithelial barrier dysfunction. Keywords: airway epithelial barrier, low temperature, Nedd4-2, tight junction protein Introduction Asthma is one of the most common respiratory diseases, affecting over 300 million people worldwide. It is estimated that approximately 100 million new cases of asthma will be diagnosed by 20251. This chronic disorder is not curable; therefore, the contemporary management paradigm mainly focused on symptom control and the avoidance of triggers 2. The gene-environment interaction has been shown to play a predominant role in the pathogenesis of asthma 2. It is crucial to understand the molecular mechanisms underlying asthma development or attacks in response to environmental stimuli. Epidemiological studies conducted in different countries have suggested that cold exposure is associated with an increased risk of asthma attacks in both children and adults 3-8. Xu et al. reviewed 11 studies that investigated a correlation between low temperature and childhood asthma occurrence; seven of these studies showed significant positive correlations 3. A meta-analysis of 26 studies, with over 26 million participants across 14 countries, showed that a 1 degC drop in temperature was significantly associated with a 5% increased risk of asthma attacks7. Several animal models have been established to explore the molecular mechanisms underlying cold-induced asthma exacerbations. Liao et al. suggested that airway inflammation and hyper-responsiveness can be prominently relieved by housing asthmatic mice at a thermoneutral temperature of 30 degC, compared with a standard temperature of 20 degC 9. Moreover, Deng et al.and Du et al. showed that repeated cold exposure at 10 degC can aggravate asthmatic symptoms in mice, and transient receptor potential (TRP) channels may play a critical role in mediating this phenomenon10,11. However, the exact mechanisms underlying the development of asthma under cold conditions are complex, and remain unclear. Humans can maintain a core body temperature of 37 degC despite fluctuations in the ambient temperature. However, organs directly exposing to the external environment, such as the skin and trachea, can be significantly affected by external temperature changes. McFaddenet al. reported that human airway temperature can be dramatically influenced by ambient temperature changes and physical activities; more so, airway temperature fluctuations may underlie the pathogenesis of cold-related asthmatic exacerbations 12. The bronchial epithelium constitutes an interface between the internal tissues and external environment, which plays a pivotal role in maintaining tissue homeostasis by providing a physical barrier formed by tight junction proteins, such as occludin, claudin, and zona occludens-113. Bronchial tight junctions are compromised in patients with asthma, which facilitates epithelial barrier penetration by pathogens or other allergens, thereby triggering an immune response14,15. However, it remains unclear whether cold exposure impairs the tight junction barrier function. In this study, we aimed to determine the effects of low temperature exposure on the expression of occludin, a critical component of the tight junction complex, and its implication in cold-induced asthma attacks in mice. We hypothesized that cold exposure may reduce occludin expression and result in epithelial barrier defects, which increases susceptibility to asthma in a cold environment. Due to limited research on the response of airway tight junctions to cold stress, our study may contribute to a critical area of research, as the integrity of the epithelial tight junctions plays a key role in respiratory diseases. Methods Cell culture and treatment Human bronchial epithelial cell line (BEAS-2B) was purchased from EB-Bioscience (Shanghai, China), and cultured in Dulbecco’s modified Eagle’s medium/high glucose (DMEM, C11995500BT, Gibco, USA) containing 10% of fetal bovine serum (FBS, 10099-141C, Gibco, USA) and 1% of Penicillin-Streptomycin (15140122, ThermoFisher, USA) at 37 degC under 5% CO2. Cells were seeded 24 h before cold stimulation. Low-temperature-treated cells were transferred to CO2incubators of 25 degC, 29 degC, or 33 degC at indicated time points for 1, 3, 6, and 9 h, respectively. Control cells were maintained at 37 degC during the experiment. To elucidate the molecular mechanisms of occludin degradation under cold stress, the following drugs were applied to Beas-2B cells prior to low-temperature treatment: 15 μg/mL of cycloheximide (CHX, a protein synthesis inhibitor), 1 μM of MG132 (a proteosome inhibitor), a combination of 1 μM of HC-067047 plus 100nM of GSK2193874 (inhibitors of transient receptor potential vanilloid 4, (TRPV4)), and 10 μM of C4-CER (C4-ceramide, a glucocorticoid-inducible kinase (SGK1) activator). respectively. Antibodies, reagents, and drugs HC-067047 (SML1043), GSK2193874 (SML0942, for cell experiments), CHX (C7698), MG132 (M8699), Roche PhosSTOP (a phosphatase inhibitor, 4906845001) and ovalbumin (OVA, A5503-109) were obtained from Sigma-Aldrich (Saint Louis, MO, USA). C4-CER (860504P) was purchased from AVANTI (Alabaster, Alabama, USA). GSK2193874 (HY-100720, for mouse injection) and PEG300 (HY-Y0873) was purchased from MedChemExpress (NJ, USA). Primary antibodies against Occludin (ab216327), total Nedd4-2 (ab46521), Nedd4-2-phosphoS448 (ab168349), total SGK1 [Y238] (ab32374), SGK1-phospho S422 (ab55281), GAPDH (ab181602), Anti-ITCH/AIP4 antibodies (ab108515), and Goat Anti-Rabbit IgG H&L antibody (Alexa Fluor® 488, ab150077) were purchased from Abcam (Cambridge, USA). Ubiquitin (P4D1) Mouse mAb (3936S) and β-Actin (13E5) Rabbit mAb antibody (4970S) were purchased from Cell Signaling Technology (Danvers, MA, USA) 4’,6-Diamidino-2-Phenylindole, Dilactate (DAPI, D3571) was purchased from Invitrogen (Carlsbad, CA, USA). Imject Alum (77161) was purchased from ThermoFisher scientific (Waltham, MA, USA). PE anti-mouse CD45 antibody (103106), Brilliant Violet 421 anti-mouse CD11c (117329), APC anti-mouse CD170 (Siglec-F, 15507), and Zombie Aqua Fixable Viability kit (423101) were puchased from Biolegend (San Diego, CA, USA). dimethyl sulfoxide (DMSO, ST038) and 5×loading buffer (P0015L) were purchased from Beyotime Biotechnology (Jiangsu, China). RIPA lysis buffer (abs9229) was purchased from Absin (Shanghai, China) Quantitative reverse transcription PCR (RT-PCR) Total RNA was extracted from Beas-2B cells using PureLink RNA Mini Kit (Invitrogen, Carlsbad, CA, USA). 1.5 μg of total RNA was reverse-transcribed into cDNA using Evo M-MLV Reverse Transcription Premix (AG11706, Accurate Biology, Hunan, China). cDNA was amplified with SYBR Green Pro Taq HS (AG11701, Accurate Biology, Hunan, China) following manufacture’s instruction. RT-PCR was run on Bio-Rad CFX Connect qPCR System using the following primers: Human Occludin-forward: TCA GGG AAT ATC CAC CTA TCA CTT CAG, reverse: CAT CAG CAG CAG CCA TGT ACT CTT CAC. Human GAPDH-forward: 5’-CAA CGG GAA ACC CAT CAC CA -3’; reverse: 5’-ACG CCA GTA GAC TCC ACG ACA T-3’. The relative mRNA expression of occludin was normalized to GAPDH of each sample and treatment. Data were calculated and presented as 2-Ct. Western blotting and ubiquitination assay Cell and lung tissue proteins were extracted using RIPA lysis buffer containing PhosSTOP and Column animal tissue/cell total protein extraction kit (PC201, Epizyme, Shanghai, China), respectively, following manufacturer’s instructions. Protein extracts were prepared and boiled in loading buffer for 10 min. 30 μg of protein was loaded per lane, and separated by SDS–polyacrylamide gel electrophoresis. Proteins were then transferred to nitrocellulose membranes. Membranes were blocked with 5% skim milk for 1-2 h at room temperature, followed by incubation with primary antibodies overnight at 4 °C. After wash in 1× Tris buffered saline with 0.05% Tween-20 for 30 min, membranes were incubated with peroxidase-labeled secondary antibodies (1:5,000) for 1 h at room temperature. GAPDH or β-actin were used as loading controls. Immunoblotting bands were detected with Ultra High Sensitivity ECL Kit (BL520B, GLPBIO, Shanghai, China). For occludin ubiquitination assay, the cells were pre-treated with 1 μM of MG132, followed by temperature treatment. The cells were washed with ice-cold PBS, and lysed in immunoprecipitation buffer (pH 8.0) containing 8.77 g/L of NaCl, 6.06 g/L of Tris, 1.46g/L of EDTA-2H2O, 5mL/L of NP-40 and PhosSTOP. 5 μL of occludin antibody was mixed with 50 μL of PureProteome Protein G Magnetic Beads (LSKMAGG02, Merck millipore, Germany) on a rotator for 15 min at room temperature. Cell lysates were incubated with the Magnetic Beads and antibody mixture at 4 °C for 5 h with gentle rotation. The same amount of immunoprecipitation buffer was added into one tube, used as control. The immunoprecipitates were washed with PBST (PBS + 0.1% Tween-20) for 3 times, and then eluted by boiling for 10 min in loading buffer, and subjected to Western blotting analysis with anti-GAPDH, anti-occludin and anti-ubiquitin antibodies. Immunofluorescence staining Beas-2B cells were seeded in a 24-well plate, and cultured at either 37 °C or 29 °C for 1, 3, 6, and 9 h, in the presence or absence of MG132. After different temperature treatment, cells were washed twice in cold-phosphate buffered saline (PBS), fixed with 4% paraformaldehyde for 15 min, and blocked in in 10% goat serum for 30 min. Fixed cells were incubated in primary antibody (occludin, 1:100) at 4 °C overnight, followed by incubation with Alexa Fluor® 488 secondary antibody at room temperature for 1.5 h. DAPI (0.1 μg/mL) was used to counterstaine the cell nuclei. Fluorescence images were captured using Leica DMi8 microscope system, and processed with LAS X software (Leica Microsystems Inc., Wetzlar, Germany). Silencing Nedd4-2 by siRNA transfection Nedd4-2 siRNA and a scramble non-targeting siRNA (siNC) were designed and synthesized by GenePharma Inc. (Shanghai, China). The sense and anti-sense sequence for siNedd4-2 are: 5’-GCU UUA AUC GCC UUG ACU UTT-3’, and 5’ AAG UCA AGG CGA UUA AAG CTT-3’, respectively; the sense and anti-sense sequence for siNC are: 5’-UUC UCC GAA CGU GUC ACG UTT-3’ and 5’ACG UGA CAC GUU CGG AGA ATT-3’, respectively. siRNA was transiently transfected into Beas-2B cells using GP-Transfect-Mate (GenePharma Inc., Shanghai, China) according to the manufacturer’s instruction. The cells were stimulated with low temperature after 48 h of siRNA transfection. Occludin expression in mice housed at different temperatures This study was approved by the Ethics Committee of Guangzhou Medical University All procedures involving animals were approved and completed in accordance and compliance with the experimental animal guidelines of Guangzhou Medical University. Male C57BL/6 mice (weight of 20-30g; age of 6-8 weeks) were purchased from Vital River Laboratory Animal Technology Co., Ltd. (Zhejiang, China). All the mice were housed in an environment-controlled box (HPP750life, Memmert, Germany) at 22 °C with 60-70% humidity for one week to acclimatize. We randomly divided the mice into four groups: (I) 30 °C; (II) 10 °C for 4 days; (III) 10 °C for 9 days; (IV) 10 °C for 2weeks. The mice in group I were housed at 30 °C. The mice from groups II, III, and IV were housed at 10 °C for 6 h/day (10 AM-4 PM), and at 30 degC for the rest of the day, repeated for 4 days, 9 days, and 2 weeks, respectively. All the mice were kept under standard specific pathogen-free animal conditions with a photoperiod of 12-h light/dark cycle and a relative humidity of 60%+-10%. At the end of the cold treatment, the mice were intraperitoneally (IP) anesthetized with pelltobarbitalum natricum (50 mg/kg). The lung was quickly removed, snap frozen, and preserved in liquid nitrogen for occludin expression analysis by western blotting. Asthma mouse model and drug treatment To investigate the effects of ambient temperature change on asthma attacks, and to explore whether the administration of drugs rescuing occludin expression in vitro may attenuate asthma symptoms in a mouse model, we randomly allocated the mice to six groups: (I) PBS+30 degC; (II) OVA+30 degC; (III) PBS+10 degC; (IV) OVA+10 degC; (V) OVA+10 degC+GSK219; (VI) OVA+10 degC+C4-CER. The asthmatic mouse model was established as previously described (Figure 1A) 9. Specifically, the mice were IP injected with OVA (1 mg/kg body weight) together with Imject Alum (200 mg/kg body weight) on days 0 and 14. On days 21-26, the mice were challenged with 1% OVA for 6 consecutive days. OVA was dissolved in PBS (10 mg/mL) and delivered into a plastic chamber, where the mice were kept, using an air-compressor nebulizer (Yuwell, Jiangsu, China) for 30 min daily. Mice from groups I and II were housed at 30 degC from days 0-26. Mice in groups III-VI were housed at 30 degC from days 0-12, and were exposed to repeated cold stress (10 degC) for 6 h daily , from days 13-26 for 2 weeks (Figure 1A). In addition, the mice in groups V and VI were IP injected with GSK219 (10 mg/kg) and C4-CER (5 mg/kg) every alternate day from days 13-26. Both drugs were prepared in a mixture of DMSO+ PEG300 + PBS for injection. All mice were sacrificed on day 27 for further experiments, as described hereinafter (Figure 1A). Evaluation of airway tight junction permeability via FITC-Dextran. Tight junction permeability of the lung was evaluated by FITC-Dextran (4 kDa) infiltration from the airways into the blood as previously described 16. Briefly, 20 μL of FITC-dextran (50 mg/mL) dissolved in deionized water was gently introduced into the mouse airways through intranasal instillation using gel loading tips. One hour after instillation, the mice were anesthetized as aforementioned, and the blood was drawn through the retro-orbital plexus. The collected blood was allowed to clot at room temperature for 2 h, and then the serum was collected via centrifugation. We transferred the serum to a 96-well plate, and read fluorescence with an excitation wavelength of 485 nm and an emission wavelength of 528 nm using a microplate reader (Varioskan, ThermoFisher Scientific, Waltham, MA, USA). Serum IgE detection The next day following the last OVA challenge, mice were anesthetized, and blood samples were collected from the retro-orbital plexus. The serum was separated from the blood clot as described above. Enzyme linked immunosorbent assay (ELISA) kit for mouse IgE (88-50460-22, Invitrogen) was used to determine IgE concentrations in the serum. H&E staining Lung tissues were fixed in 4% paraformaldehyde for 24 h, dehydrated, then embedded in paraffin and cut into 3 μm sections. The sections were mounted onto slides, and stained with hematoxylin and eosin (H&E). Slides was scanned using Digital slice scanning system (PRECICE 500B, UNIC Technologies, Beijing, China), and images were analyzed with iViewer software (UNIC Technologies, Beijing, China). The degree of peribronchial and perivascular inflammation was scored in a blinded manner based on the criteria previously described : 0, no cell; 1, a few cells; 2, one layer cell deep around a bronchial or vascular ring; 3, two to three layers of cells deep; 4, four to five layers of cells deep; 5, more than five layers of cells deep 17. Inflammatory cell count and cytokine levels in bronchoalveolar lavage fluid After the animals were anesthetized as described above, 1 mL of ice-cold PBS was gently instilled into the mouse lungs through the trachea and slowly withdrawn, and this procedure was repeated twice. The collected bronchoalveolar lavage fluid (BALF) was centrifuged at 4 °C and 1,000 rpm for 5 min. The cell pellets were resuspended, and the total cell number was counted using a Cellometer Auto1000 (Nexcelom Bioscience, Lawrence, MA, USA). Since immunization with OVA is the classic way to generate an eosinophilic asthma model, we analyzed the proportions of leukocytes and eosinophils in the BALF using flow cytometry18. Specifically, BALF cells were surface-stained with PE anti-mouse CD45, Brilliant Violet 421 anti-mouse CD11c, and APC anti-mouse CD170 (Siglec-F). Zombie Aqua Fixable Viability kit was used to label the live cells. Flow cytometric analysis was performed using a BD FACSVerse flow cytometer (BD Biosciences, NJ, USA), and the data were analyzed using FlowJo software (TreeStar, OR, USA). BALF supernatant was used to detect the levels of inflammatory cytokines (including IL-1β, IL-4, IL-5, IL-6, IL-10, and KC/GR [CXCL1]), using the V-PLEX Proinflammatory Mouse Kit (LXR-K15048D-X, Meso Scale Discovery, MD, USA). Statistical analysis Data were presented as mean ± SEM. Independent t -test was used to analyze differences between treatment groups (IBM SPSS Statistics 21).P < 0.05 was considered statistically significant. Results Occludin expression is reduced under low temperature bothin vitro and in vivo In vitro studies showed that being subjected to cold stress (25 °C, 29 °C, and 33 °C) resulted in a substantial decrease in occludin expression in Beas-2B cells, compared with those treated at 37 °C for 1, 3, 6, and 9 h (Figure 1B, D and E, P < 0.05). Specifically, occludin levels declined by ˜50% after 6 h of cold stimulation at 29 °C, and remained at a similar level until 9 h after cold treatment (Figure 1B). Conversely, the mRNA expression of occludin displayed an increasing trend in 29 °C-exposed cells compared to those treated at 37 °C at 1, 3, 6, and 9 h (Figure 1C). The expression of occludin in the mouse lungs was detected using western blotting (Figure 1F). Mice housed under repeated cold stress (10 °C, 6 h/day) showed significantly lower levels of occludin expression in their lungs compared to the mice housed at a thermally neutral temperature (30 °C). The occludin expression decreased dramatically as early as 4 days after cold exposure, and remained at a similar level until 2 weeks of repeated cold exposure (P < 0.01, N = 5). Low temperature promotes occludin degradation through a proteasome-mediated pathway To determine the effects of cold stress on occludin degradation, we administered CHX to inhibit de novo protein synthesis, after which we examined the rates of occludin degradation at 29 °C and 37 °C. Our data clearly showed that a low temperature (29 °C) accelerated occludin degradation in the presence of CHX; hence, cold exposure induced occludin degradation through post-translational modifications (Figure 2A). Thereafter, we evaluated the effects of the proteasome inhibitor MG132 (10 μM) on occludin expression. As shown in Figure 2B, pretreatment with MG132 sufficiently reversed the decline in occludin expression in 29 °C-exposed cells at 1, 3, 6, and 9 h after cold exposure. Further, immunofluorescence staining showed that the MG132 treatment restored occludin expression in 29 °C-exposed cells (Figure 2C). We then immunoprecipitated occludin protein, which was probed with an anti-ubiquitin antibody, and observed that occludin ubiquitylation was elevated in 29 °C-exposed cells as compared to 37 °C-exposed cells (Figure 2D). These results indicated that occludin degradation was regulated through proteasome-mediated pathways at low temperatures. Nedd4-2 plays a critical role in promoting cold stress-induced occludin degradation As an E3 ubiquitin ligase, Nedd4-2 was observed to interact with occludin and regulate its expression via ubiquitin-proteasome pathways19. To investigate the role of Nedd4-2 in regulating occludin levels under cold conditions, we downregulated the expression of Nedd4-2 by transfection of Beas-2B cells with siRNA specific to theNedd4-2 gene. After 48 h of transfection, siNedd4-2-transfected cells or siNC-transfected cells were treated at 29 °C for 1, 3, 6, and 9 h, and Nedd4-2 and occludin expressions were measured using western blotting (Figure 4A); 48 h of transfection resulted in a substantial reduction in Nedd4-2 expression. The cold exposure-induced decline in occludin expression was completely reversed by Nedd4-2 knockdown at 1, 3, 6, and 9 h. Additionally, Itch is another important E3 ubiquitin ligase that is well known for its function in regulating occludin levels through ubiquitylation 20. Therefore, we investigated the effects of siNedd4-2 transfection on Itch expression in Beas-2B cells. The results showed that transfected cells displayed similar Itch protein levels as negative controls and wild-type Beas-2B cells (Figure 3B). SGK1-mediated Nedd4-2 dephosphorylation is responsible for occludin degradation under low temperature Nedd4-2 phosphorylation by SGK1 is an important mechanism in the regulation of Nedd4-2 activity 21. To determine whether the decrease in occludin expression induced by cold stress was associated with Nedd4-2 dephosphorylation, we measured the levels of phosphorylated SGK1 and Nedd4-2 in Beas-2B cells treated at 29 °C and 37 °C, respectively. The total Nedd4-2 expression levels were not affected by exposure to cold (29 °C) (Figures 4A and B). However, the phosphorylation levels of Nedd4-2 and SGK1 were significantly downregulated upon low-temperature treatment (Figure 4A, C, and D). Meanwhile, the application of C4-CER, an SGK1 activator, sufficiently rescued occludin expression in 29 °C-exposed cells (Figure 4E). These findings indicate that cold exposure may reduce the phosphorylation of SGK1, resulting in Nedd4-2 dephosphorylation, which accelerates the proteolysis of occludin (Figure 4F). Effects of ambient temperature and drug treatment on mouse pulmonary permeability As shown in Figure 5A, pulmonary permeability to FITC-dextran was significantly elevated in mice subjected to repeated cold exposure (10 °C) compared to those housed at a thermoneutral temperature (30 °C), for both PBS (P < 0.01) and OVA-induced asthma groups (P < 0.05). We did not observe a significant difference in pulmonary permeability to FITC dextran between the OVA and PBS groups. After 2 weeks of C4-CER treatment, FITC-dextran levels were significantly reduced in the mouse blood (P < 0.05), suggesting that C4-CER has protective effects on epithelial tight junctions under cold stress. Although the group of mice receiving GSK219 treatment also exhibited a trend towards a decline in blood FITC dextran levels, the result was not statistically significant. Changes in serum IgE levels and lung histopathology As shown in Figure 5B, the serum concentration of IgE in the OVA+30 °C and OVA+10 °C groups were apparently higher than those in the PBS+30 °C (P < 0.05) and PBS+10 °C (P < 0.01) groups, respectively. The serum IgE levels in the OVA+10 °C group were markedly reduced by C4-CER treatment (P < 0.05). The histopathology of lung tissues showed that unlike the PBS groups, the OVA challenge drastically increased inflammatory cell infiltration into the perivascular and peribronchial regions of the mouse lungs (P< 0.05 for PBS+30 °C vs. OVA+30 °C; P< 0.01 for PBS+10 °C vs. OVA+10 °C; Figure 5C and D). Additionally, more inflammatory cell infiltration was observed in the OVA+10 °C than in the OVA+30 °C group (P < 0.01). Moreover, the administration of GSK219 (P < 0.05) or C4-CER (P < 0.01) markedly attenuated inflammatory cell infiltration (Figure 5C and D). BALF inflammatory cell counts and inflammatory cytokines Figure 6B shows the total BALF cell count. The OVA challenge substantially increased the total BALF cell counts in OVA-induced asthmatic mice compared to PBS-treated mice in both the 10 °C and 30 °C groups (P < 0.001 for both groups). Treatment with either GSK219 or C4-CER significantly reduced the total BALF cell counts in OVA+10 °C group mice (P < 0.05). Flow cytometry was performed to evaluate the subsets of CD45+ leukocytes and eosinophils present in different mouse groups. The frequency of leukocyte and eosinophil was higher in the OVA groups than in the PBS groups at both 30 °C (P < 0.01) and 10 °C (P< 0.01) (Figure 6A and C). However, we did not observe a significant difference in the frequency of leukocyte or eosinophil between the OVA+10 °C with either of the GSK219 or C4-CER treatment groups. We observed significant differences in IL-1β (P< 0.0001), IL-4 (P < 0.01), IL-5 (P< 0.05), IL-10 (P < 0.01), and KC/GRO (P < 0.001) in the BALF between the OVA and PBS groups at both 30 °C and 10 °C (Figure 6D-I). Repeated cold exposure (10 °C) caused a significant increase in IL-1β (P < 0.01), IL-4 (P < 0.01), and IL-5 (P < 0.05) levels in BALF (Figure 6 D, E, and F). IL-5 and KC/GRO levels in BALF were significantly reduced by the administration of C4-CER in the OVA+10 °C group (P < 0.05; Figure 6F). Discussion In this study, we examined the effects of low temperature on occludin expression, and the implications of epithelial barrier defects on asthma exacerbations under cold conditions. We observed that low temperatures reduced occludin expression through SGK1/Nedd4-2-mediated ubiquitin–proteasome pathways. Furthermore, pretreatment of cells with either TRPV4 inhibitors (GSK219+HC06747) or an SGK1 activator (C4-CER) could sufficiently reverse occludin decline caused by cold stress.In vivo studies showed that repeated cold exposure compromised the airway epithelial barrier function in both control and asthmatic mice, which was attenuated by C4-CER administration. Additionally, C4-CER treatment reduced serum IgE levels in cold-exposed asthmatic mice. Repeated cold exposure also exacerbated mouse lung inflammation, and the exacerbation was partially attenuated by GSK219 or C4-CER injection. Although epidemiological studies have shown that asthma can be aggravated in cold environments, the underlying mechanisms remain unclear 3-7. A few studies have investigated the effects of ambient temperature changes on asthma exacerbation using animal models. Liao et al. reported that thermoneutral housing temperature (30 °C) improved asthma control by inducing a shift in the Th1/Th2 balance towards the Th1 immune response 9. Moreover, Deng et al. and Du et al. suggested that TRP channels may play important roles in cold-induced asthma aggravation10,11. McFadden et al. indicated that air temperature and ventilation levels can considerably alter the airway temperature, which ranged from ˜20.5 °C-36.3 degC. Maximum ventilation at an ambient temperature of -18 degC can reduce the proximal and distal airway temperatures to ˜20 degC and 31 degC, respectively 12. Bronchial and alveolar surfaces are covered by a layer of epithelial cells, which act as the first line of defense against external pathogens or allergens; a defective epithelial barrier is a hallmark of several respiratory disorders, including asthma. The integrity of the epithelial barrier depends largely on the tight junction complexes 22. However, to the best of our knowledge, no study has examined the impact of cold exposure on tight junction protein expressions. We showed that occludin expression decreased significantly 1-9 h after cold treatment (25 degC, 29 degC, or 33 degC). Lower temperatures and prolonged exposure to cold stress seemed to have a stronger effect on occludin degradation (Figure 1B, D, and F). This was in line with clinical observations, wherein physical activities in a cold environment may trigger asthma attacks, as a higher ventilation volume is linked with reduced airway temperatures 12. We observed that occludin expression levels were substantially reduced in Beas-2B cells that were treated at 29 degC, although the mRNA expression of occludin was not significantly affected (Figure 1C), suggesting the involvement of post-translational modifications in occludin level regulation. The ubiquitination-mediated proteasome pathway is critical in the dynamic regulation of junction protein expression 23. In this study, the inhibition of de novo protein synthesis by CHX accelerated occludin degradation in 29 degC-exposed cells compared to 37 degC-exposed cells. In contrast, suppressing proteasome activity with MG132 sufficiently rescued occludin degradation caused by cold exposure. As expected, the level of ubiquitylated occludin in 29 degC-exposed cells was higher than that in 37 degC-exposed cells. Therefore, our results confirmed that low temperatures promoted occludin instability through ubiquitination-mediated proteolysis. Nedd4-2 is an E3 ubiquitin ligase that interacts with occludin and contributes to its ubiquitination and subsequent proteolysis19. In our study, Nedd4-2 knockdown via siRNA transfection completely abolished the effects of cold exposure on occludin expression (Figure 3A); suggesting that Nedd4-2 plays a critical role in occludin ubiquitination at low temperatures. Itch is also an E3 ubiquitin ligase that is mainly responsible for the regulation of occludin protein turnover 24. Considering that Itch and Nedd4-2 are closely related family members of Nedd4, we examined whether the transfection of siNedd4-2 in Beas-2B cells may also decrease the expression of Itch 25. The results showed that Itch expression levels were not affected by siNedd4-2 transfection (Figure 3B), thereby excluding the possibility that Itch is involved in mediating cold-induced occludin ubiquitination. The catalytic activity of Nedd4-2 is mainly regulated by phosphorylation or Ca2+binding 26. Increased intracellular Ca2+ levels ([Ca2+]i) lead to Nedd4-2 activation by releasing its C2 domain-mediated auto-inhibition27. TRPV4 is a Ca2+-permeable channel that mediates the integrity of epithelial barriers28. TRPV4 blockage reportedly increases the expression of occludin 29. Accordingly, we speculated that the inhibition of TRPV4 may reduce [Ca2+]i, thereby attenuating the catalytic activity of Nedd4-2 and increasing occludin expression. To test this, we applied TRPV4 antagonists (GSK219+HC-067047) to Beas-2B cells prior to low-temperature exposure, and observed that TRPV4 blockage fully restored the occludin expression in 29 degC-exposed cells (Figure 3C). Nevertheless, by measuring [Ca2+]i at different temperatures, we observed that [Ca2+]i was not significantly altered after 1-9 h of 29 degC treatment (data not shown). These findings suggest that although TRPV4 blockage can reverse the occludin decline at low temperatures, the cold-induced occludin degradation was modulated independent of calcium signaling. SGK1-mediated Nedd4-2 phosphorylation has been shown to trigger 14-3-3 adaptor protein binding, which, in turn, weakens the interaction between Nedd4-2 and its substrate proteins, such as epithelial sodium channel26. We detected a slight albeit significant decline in pSGK1/total SGK1 and pNedd4-2/total Nedd4-2 levels in 29 degC- exposed cells compared to 37 degC-exposed cells (Figure 4A-D). Furthermore, pretreatment with C4-CER, an SGK1 activator, sufficiently reversed occludin reduction caused by cold exposure (Figure 4E). These results suggested that reduced SGK1 phosphorylation may enhance Nedd4-2 activity, leading to increased occludin proteolysis at low temperatures (Figure 4F). However, further studies are warranted to elucidate the exact mechanisms underlying the Nedd4-2-dependent regulation of occludin expression. To mimic conditions wherein patients with asthma are exposed to cold environments, asthmatic mice were housed under repeated cold stress (10 degC, 6 h/day) for 2 consecutive weeks. The control group was maintained at a thermoneutral temperature of 30 degC. Cold exposure significantly reduced occludin expression and increased pulmonary permeability in the mice (Figure 1F and 5A). Specifically, the mouse lung occludin expression was substantially reduced by the fourth day of cold exposure (6 h/day; Figure 1F). This timeframe was consistent with most epidemiological findings, wherein a temperature drop was associated with an increased risk of asthma-related hospitalization with 3-7 lag days4-6,8,30. Although epithelial barrier defects are commonly observed in patients with asthma, we did not identify a marked difference in epithelial permeability between the OVA and PBS groups14,15. This was probably because the asthma models in this study were established over a 1-month period, which was not long enough to cause tight junction impairment in mice. However, compared with the PBS-treated mice, OVA-sensitized mice displayed significantly elevated serum IgE concentrations with aggravated lung inflammation, suggesting successful establishment of the asthma model in our study (Figure 5 and 6). Furthermore, cold exposure aggravated asthmatic symptoms, as manifested by a significant amount of inflammatory cell infiltration (Figure 5C and D) and increased IL-1β, IL-4, and IL-5 levels in mouse BALF (Figure 6D, E, and F). These observations corroborated with those of previous studies, thereby demonstrating that repeated cold exposure is likely to exacerbate asthma in mice10,11. Our in vitro analyses revealed that GSK219+HC-067047 or C4-CER treatment could abolish the effects of low temperature on occludin expression. Thus, we further investigated whether GSK219 and C4-CER treatments could maintain epithelial barrier function and ameliorate asthmatic symptoms in a mouse model. We observed that GSK219-treated mice exhibited a trend of improvement in their airway epithelial barrier function; however, the results were not statistically significant (Figure 5A). GSK219 is a potent selective TRPV4 antagonist that enhances epithelial barrier function in the vascular endothelium and alveolar epithelium 28,31. Conversely, TRPV4 activation can increase paracellular permeability 32-34. Furthermore, TRPV4 activation is implicated in asthma aggravation, whereas TRPV4 blockage can alleviate inflammation and other asthmatic symptoms. TRPV4 may act as a sensor of environmental stimuli, which, in turn, activates allergic responses by inducing Ca2+ influx35,36. However, the underlying mechanism of action remains unclear. We speculated that TRPV4 blockage may alleviate asthma symptoms by improving airway epithelial tight junctions via Ca2+ level and Nedd4-2 activity downregulations. In our study, the administration of GSK219 markedly attenuated inflammatory cell infiltration in the lungs of mice in the OVA+10 °C group (Figure 5C and 6B). Nonetheless, GSK219 injection did not reduce serum IgE or proinflammatory cytokine levels in the lungs of the aforementioned mice, probably due to the weak protective effects of GSK219 on the epithelial barrier function. Thermosensory TRP channels may play critical roles in the development of asthma under cold conditions 37. Du et al.demonstrated an upregulation of TRPA1 expression in mouse lungs in response to cold stress, whereas the administration of TRPA1 antagonist attenuated asthma-related symptoms 11. Calcium permeable TRP channels such as TRPA1 and TRPM8 are activated at low temperatures, which can, in turn, provoke calcium influx. A change in [Ca2+]i may influence Nedd4-2 activity and promote occludin degradation. Previous experiments indicated that the upper activation threshold for TRPA1 and TRPM8 are ˜17 °C and 23 degC, respectively in human cells38,39. In the present study, we did not identify a marked difference in [Ca2+]ibetween 29 degC- and 37 degC-exposed cells, probably because the TRP channels were not activated at 29 degC. Nonetheless, the in vivophysiological conditions are very complicated, especially under cold conditions. As we mentioned earlier, the lowest temperature in the proximal airway can drop to ˜20 degC at an ambient temperature of -18 degC during maximum ventilation levels12. It remains to be elucidated whether these TRP channels distributed in the human pulmonary airways can be activated under cold conditions. Further studies are needed to investigate the potential roles of TRP channels in mediating airway tight junctions in animal models. C4-CER, a non-toxic synthetic sphingolipid, can induce the phosphorylation of SGK1, thereby inactivating Nedd4-240. Recent studies have shown that C4-CER enhances the stability of ΔF508-CFTR in bronchial epithelial cells, and provides a novel therapeutic strategy for cystic fibrosis 40. In our study, C4-CER administration improved occludin expression by inhibiting Nedd4-2-mediated proteolysis in epithelial cell lines. Nonetheless, the efficacy of C4-CER in occludin expression improvement has never been evaluated in an animal model. In this study, 5 mg/kg C4-CER was administered to asthmatic mice every 2 days for 2 weeks. C4-CER treatment significantly decreased pulmonary permeability in OVA+10 °C group mice (Figure 5A). Moreover, C4-CER injection significantly reduced serum IgE levels (Figure 5B), attenuated inflammatory cell infiltration, decreased total cell counts, and reduced IL-5 and KC/GRO production in mouse BALF. KC/GRO or human IL-8 levels, a chemoattractant for neutrophils and basophils, are upregulated in asthmatic airways 41. In contrast, IL-5 is a major cytokine involved in eosinophilic activation 42. Unlike early asthma exacerbation, late asthma exacerbation depends strongly on IL-5-triggered eosinophilic infiltration. Moreover, IL-5-deficient mice display complete eosinophilia ablation and airway hyperreactivity attenuation in response to an aeroallergen challenge43. In this study, C4-CER injection reduced IL-5 and KC/GRO levels in the OVA+10 °C group to a level that was comparable to that in the OVA+30 °C group. These findings suggest that C4-CER treatment may mitigate the negative effects of cold exposure on asthma exacerbation by strengthening the airway epithelial barrier function. Recent studies have revealed the complex and multifaceted roles of SGK1 in the development of autoimmune diseases, such as asthma44. Heikamp et al. reported that T cell-expressed SGK1 promotes Th2 cell differentiation by preventing the Nedd4-2-mediated ubiquitination of transcription factor JunB45. Additionally, an augmentation of SGK1 phosphorylation in airway epithelial cells treated with lipopolysaccharide activates nuclear factor (NF)-κB signaling pathways, and thus, contributes to airway inflammation 46. In addition, SGK1 downregulates the expression of IL-6 and suppresses reactive oxygen species (ROS) production in alveolar epithelial cells44,47. Therefore, SGK1 can produce both favorable and unfavorable outcomes in autoimmune diseases. SGK1 activation promotes Th2 immune response and aggravates airway inflammation; nevertheless, SGK1 phosphorylation alleviates oxidative stress in the lungs and enhances epithelial barrier function at low temperatures. Currently, the role of SGK1 in asthma development is not sufficiently understood, and further studies are required to elucidate the implications of SGK1 in therapeutic interventions for asthma. This study has a few limitations. First, although the epithelial barrier function also depends on tight junction proteins such as claudins, zona occludens-1, and adherent junctions such as E-cadherin and nectin48, we focused only on occludin. Further studies should be conducted to examine whether cold exposure affects the expression of these proteins. Second, we studied the mechanisms of occludin degradation in vitro. Nonetheless, physiological conditions are much more complicated. Future research should focus on elucidating the mechanisms underlying cold-induced epithelial barrier dysfunction in animal models in vivo . Third, although GSK219 or C4-CER injection ameliorated asthmatic symptoms in our study, their efficacy was moderate. Flow cytometry revealed that eosinophil counts were not significantly altered by either treatment. The potential mechanisms of cold-triggered asthma attacks are complex, and other potential pathways may be involved; hence, further investigation is required. In conclusion, our study identified a novel mechanism underlying cold-induced asthma exacerbation. Defective epithelial barriers caused by cold stress may contribute to asthma susceptibility in cold environments. Both GSK219 and C4-CER treatments were effective in alleviating asthmatic symptoms at low temperatures. Specifically, C4-CER was used as a therapeutic drug in animals for the first time, and its protective effects on epithelial tight junctions were validated in cold-induced asthmatic mice. Understanding such a mechanism can provide deeper insights into the interaction between ambient temperature and asthma exacerbations. Therefore, further research is imperative to examine the molecular pathways driving asthma pathogenesis in response to environmental temperature changes. Conflict of interest: All authors declare no conflict of interest. Reference 1. Dharmage SC, Perret JL, Custovic A. Epidemiology of Asthma in Children and Adults. Front Pediatr . 2019;7:246. doi:10.3389/fped.2019.00246 2. Yaghoubi M, Adibi A, Safari A, FitzGerald JM, Sadatsafavi M. The Projected Economic and Health Burden of Uncontrolled Asthma in the United States. Am J Respir Crit Care Med . Nov 1 2019;200(9):1102-1112. doi:10.1164/rccm.201901-0016OC 3. Xu Z, Crooks JL, Davies JM, Khan AF, Hu W, Tong S. The association between ambient temperature and childhood asthma: a systematic review.Int J Biometeorol . Mar 2018;62(3):471-481. doi:10.1007/s00484-017-1455-5 4. Lam HC, Li AM, Chan EY, Goggins WB, 3rd. The short-term association between asthma hospitalisations, ambient temperature, other meteorological factors and air pollutants in Hong Kong: a time-series study. Thorax . Dec 2016;71(12):1097-1109. doi:10.1136/thoraxjnl-2015-208054 5. Kabir AF, Ng CFS, Yasumoto S, Hayashi T, Watanabe C. Effect of Ambient Temperature on Daily Nebulized Asthma Hospital Visits in a Tropical City of Dhaka, Bangladesh. Int J Environ Res Public Health . Jan 20 2021;18(3)doi:10.3390/ijerph18030890 6. Ueda K, Nitta H, Odajima H. The effects of weather, air pollutants, and Asian dust on hospitalization for asthma in Fukuoka. Environ Health Prev Med . Nov 2010;15(6):350-7. doi:10.1007/s12199-010-0150-5 7. Cong X, Xu X, Zhang Y, Wang Q, Xu L, Huo X. Temperature drop and the risk of asthma: a systematic review and meta-analysis. Environ Sci Pollut Res Int . Oct 2017;24(28):22535-22546. doi:10.1007/s11356-017-9914-4 8. Shoraka HR, Soodejani MT, Abobakri O, Khanjani NJJoLH, Diseases. The Relation between Ambient Temperature and Asthma Exacerbation in Children: A Systematic Review. 2019;3(1) 9. Liao W, Zhou L, Zhao X, et al. Thermoneutral housing temperature regulates T-regulatory cell function and inhibits ovabumin-induced asthma development in mice. Sci Rep . Aug 2 2017;7(1):7123. doi:10.1038/s41598-017-07471-7 10. Deng L, Ma P, Wu Y, et al. High and low temperatures aggravate airway inflammation of asthma: Evidence in a mouse model. Environ Pollut . Jan 2020;256:113433. doi:10.1016/j.envpol.2019.113433 11. Du C, Kang J, Yu W, et al. Repeated exposure to temperature variation exacerbates airway inflammation through TRPA1 in a mouse model of asthma. Respirology . Mar 2019;24(3):238-245. doi:10.1111/resp.13433 12. McFadden ER, Jr., Pichurko BM, Bowman HF, et al. Thermal mapping of the airways in humans. J Appl Physiol (1985) . Feb 1985;58(2):564-70. doi:10.1152/jappl.1985.58.2.564 13. Xiao C, Puddicombe SM, Field S, et al. Defective epithelial barrier function in asthma. J Allergy Clin Immunol . Sep 2011;128(3):549-56 e1-12. doi:10.1016/j.jaci.2011.05.038 14. Lee KE, Jee HM, Hong JY, et al. German Cockroach Extract Induces Matrix Metalloproteinase-1 Expression, Leading to Tight Junction Disruption in Human Airway Epithelial Cells. Yonsei Med J . Dec 2018;59(10):1222-1231. doi:10.3349/ymj.2018.59.10.1222 15. Hellings PW, Steelant B. Epithelial barriers in allergy and asthma.J Allergy Clin Immunol . Jun 2020;145(6):1499-1509. doi:10.1016/j.jaci.2020.04.010 16. Chen H, Wu S, Lu R, Zhang YG, Zheng Y, Sun J. Pulmonary permeability assessed by fluorescent-labeled dextran instilled intranasally into mice with LPS-induced acute lung injury. PLoS One . 2014;9(7):e101925. doi:10.1371/journal.pone.0101925 17. Xuan X, Sun Z, Yu C, et al. Network pharmacology-based study of the protective mechanism of conciliatory anti-allergic decoction on asthma.Allergol Immunopathol (Madr) . Sep - Oct 2020;48(5):441-449. doi:10.1016/j.aller.2019.12.011 18. Yu QL, Chen Z. Establishment of different experimental asthma models in mice. Exp Ther Med . Mar 2018;15(3):2492-2498. doi:10.3892/etm.2018.5721 19. Raikwar NS, Vandewalle A, Thomas CP. Nedd4-2 interacts with occludin to inhibit tight junction formation and enhance paracellular conductance in collecting duct epithelia. Am J Physiol Renal Physiol . Aug 2010;299(2):F436-44. doi:10.1152/ajprenal.00674.2009 20. Traweger A, Fang D, Liu YC, et al. The tight junction-specific protein occludin is a functional target of the E3 ubiquitin-protein ligase itch. J Biol Chem . Mar 22 2002;277(12):10201-8. doi:10.1074/jbc.M111384200 21. Manning JA, Kumar S. Physiological Functions of Nedd4-2: Lessons from Knockout Mouse Models. Trends Biochem Sci . Aug 2018;43(8):635-647. doi:10.1016/j.tibs.2018.06.004 22. Wittekindt OH. Tight junctions in pulmonary epithelia during lung inflammation. Pflugers Arch . Jan 2017;469(1):135-147. doi:10.1007/s00424-016-1917-3 23. Majolee J, Kovacevic I, Hordijk PL. Ubiquitin-based modifications in endothelial cell-cell contact and inflammation. J Cell Sci . Sep 5 2019;132(17)doi:10.1242/jcs.227728 24. Tang J, Kang Y, Zhou Y, et al. ALS-causing SOD1 mutants regulate occludin phosphorylation/ubiquitination and endocytic trafficking via the ITCH/Eps15/Rab5 axis. Neurobiol Dis . Jun 2021;153:105315. doi:10.1016/j.nbd.2021.105315 25. Yang B, Kumar S. Nedd4 and Nedd4-2: closely related ubiquitin-protein ligases with distinct physiological functions.Cell Death Differ . Jan 2010;17(1):68-77. doi:10.1038/cdd.2009.84 26. Pohl P, Joshi R, Petrvalska O, Obsil T, Obsilova V. 14-3-3-protein regulates Nedd4-2 by modulating interactions between HECT and WW domains. Commun Biol . Jul 22 2021;4(1):899. doi:10.1038/s42003-021-02419-0 27. Wang J, Peng Q, Lin Q, Childress C, Carey D, Yang W. Calcium activates Nedd4 E3 ubiquitin ligases by releasing the C2 domain-mediated auto-inhibition. J Biol Chem . Apr 16 2010;285(16):12279-88. doi:10.1074/jbc.M109.086405 28. Rosenkranz SC, Shaposhnykov A, Schnapauff O, et al. TRPV4-Mediated Regulation of the Blood Brain Barrier Is Abolished During Inflammation.Front Cell Dev Biol . 2020;8:849. doi:10.3389/fcell.2020.00849 29. Zhao H, Zhang K, Tang R, et al. TRPV4 Blockade Preserves the Blood-Brain Barrier by Inhibiting Stress Fiber Formation in a Rat Model of Intracerebral Hemorrhage. Front Mol Neurosci . 2018;11:97. doi:10.3389/fnmol.2018.00097 30. Zhao Y, Huang Z, Wang S, et al. Morbidity burden of respiratory diseases attributable to ambient temperature: a case study in a subtropical city in China. Environ Health . Oct 24 2019;18(1):89. doi:10.1186/s12940-019-0529-8 31. Yao L, Chen S, Tang H, et al. Transient Receptor Potential Ion Channels Mediate Adherens Junctions Dysfunction in a Toluene Diisocyanate-Induced Murine Asthma Model. Toxicol Sci . Mar 1 2019;168(1):160-170. doi:10.1093/toxsci/kfy285 32. Reiter B, Kraft R, Gunzel D, et al. TRPV4-mediated regulation of epithelial permeability. FASEB J . Sep 2006;20(11):1802-12. doi:10.1096/fj.06-5772com 33. Phuong TTT, Redmon SN, Yarishkin O, Winter JM, Li DY, Krizaj D. Calcium influx through TRPV4 channels modulates the adherens contacts between retinal microvascular endothelial cells. J Physiol . Nov 15 2017;595(22):6869-6885. doi:10.1113/JP275052 34. Liao WH, Hsiao MY, Kung Y, et al. TRPV4 promotes acoustic wave-mediated BBB opening via Ca(2+)/PKC-delta pathway. J Adv Res . Nov 2020;26:15-28. doi:10.1016/j.jare.2020.06.012 35. Wiesner DL, Merkhofer RM, Ober C, et al. Club Cell TRPV4 Serves as a Damage Sensor Driving Lung Allergic Inflammation. Cell Host Microbe . Apr 8 2020;27(4):614-628 e6. doi:10.1016/j.chom.2020.02.006 36. Duan J, Xie J, Deng T, et al. Exposure to both formaldehyde and high relative humidity exacerbates allergic asthma by activating the TRPV4-p38 MAPK pathway in Balb/c mice. Environ Pollut . Jan 2020;256:113375. doi:10.1016/j.envpol.2019.113375 37. Kytikova OY, Novgorodtseva TP, Denisenko YK, Naumov DE, Gvozdenko TA, Perelman JM. Thermosensory Transient Receptor Potential Ion Channels and Asthma. Biomedicines . Jul 14 2021;9(7)doi:10.3390/biomedicines9070816 38. Peier AM, Moqrich A, Hergarden AC, et al. A TRP channel that senses cold stimuli and menthol. Cell . Mar 8 2002;108(5):705-15. doi:10.1016/s0092-8674(02)00652-9 39. Dhaka A, Murray AN, Mathur J, Earley TJ, Petrus MJ, Patapoutian A. TRPM8 is required for cold sensation in mice. Neuron . May 3 2007;54(3):371-8. doi:10.1016/j.neuron.2007.02.024 40. Caohuy H, Yang Q, Eudy Y, et al. Activation of 3-phosphoinositide-dependent kinase 1 (PDK1) and serum- and glucocorticoid-induced protein kinase 1 (SGK1) by short-chain sphingolipid C4-ceramide rescues the trafficking defect of DeltaF508-cystic fibrosis transmembrane conductance regulator (DeltaF508-CFTR). J Biol Chem . Dec 26 2014;289(52):35953-68. doi:10.1074/jbc.M114.598649 41. Jin R, Guo S, Wang MY, et al. Administration of mycobacterial Ag85A and IL-17A fusion protein attenuates airway inflammation in a murine model of asthma. Int Immunopharmacol . Dec 2013;17(4):1067-74. doi:10.1016/j.intimp.2013.10.009 42. Farne HA, Wilson A, Powell C, Bax L, Milan SJ. Anti-IL5 therapies for asthma. Cochrane Database of Systematic Reviews . 2017;(9)doi:10.1002/14651858.CD010834.pub3 43. Foster PS, Hogan SP, Ramsay AJ, Matthaei KI, Young IG. Interleukin 5 deficiency abolishes eosinophilia, airways hyperreactivity, and lung damage in a mouse asthma model. J Exp Med . Jan 1 1996;183(1):195-201. doi:10.1084/jem.183.1.195 44. Lai Y, Hu L, Yang L, et al. Interaction Between Serum/Glucocorticoid-Regulated Kinase 1 and Interleukin-6 in Chronic Rhinosinusitis. Allergy Asthma Immunol Res . Sep 2021;13(5):776-790. doi:10.4168/aair.2021.13.5.776 45. Heikamp EB, Patel CH, Collins S, et al. The AGC kinase SGK1 regulates TH1 and TH2 differentiation downstream of the mTORC2 complex.Nat Immunol . May 2014;15(5):457-64. doi:10.1038/ni.2867 46. Wu X, Jiang W, Wang X, et al. SGK1 enhances Th9 cell differentiation and airway inflammation through NF-kappaB signaling pathway in asthma.Cell Tissue Res . Dec 2020;382(3):563-574. doi:10.1007/s00441-020-03252-3 47. Li J, Zhou Q, Yang T, et al. SGK1 inhibits PM2.5-induced apoptosis and oxidative stress in human lung alveolar epithelial A549cells.Biochem Biophys Res Commun . Feb 19 2018;496(4):1291-1295. doi:10.1016/j.bbrc.2018.02.002 48. Campbell HK, Maiers JL, DeMali KA. Interplay between tight junctions & adherens junctions. Exp Cell Res . Sep 1 2017;358(1):39-44. doi:10.1016/j.yexcr.2017.03.061 Figure legends Figure 1. Reduced occludin expression under low temperatures both in vitro and in vivo (A) An illustration of the procedures used to establish the asthma models, and the protocols of ambient temperature change and drug treatment on mice. (B & C)Beas-2B cells were exposed to 29 °C for 1, 3, 6, and 9 h. Occludin protein (B) and mRNA (C) levels were analyzed using western blotting (N = 8) and RT-PCR (N = 3), respectively. Grouped data were normalized by 37 °C at the same time point.*P < 0.05,****P < 0.00001, significant difference compared to exposure to 37 °C. (D & E) Occludin expression was reduced at low temperatures of 25 °C (D) and 33 °C (E) than at 37 °C at the 1, 3, 6, and 9 h time points.(F) Mouse lung occludin expression levels were significantly reduced following either 4 days or 2 weeks of low temperature exposure (10 °C for 6 h/day). Data are expressed as mean ± SEM.**P < 0.01, significant difference compared to 2 weeks of exposure to 30 °C; N = 5 mice per group. C4-CER, C4-ceramide; I.P., intraperitoneally; GSK219, GSK2193874; OVA, ovalbumin; Wks, weeks. Figure 2. Low temperature (29 °C) promoted occludin degradation through a proteasome-mediated pathway. (A) The rate of occludin degradation in 29 °C-exposed cells was significantly higher than that in control cells (37 °C). Beas-2B cells were treated with CHX for 1, 3, 6, and 9 h. The expression of occludin was determined by western blotting.*P < 0.05,**P < 0.01, significant difference compared to exposure to 37 °C; N = 6. (B) The expression levels of occludin were restored by MG132 treatment in 29 °C-exposed cells. The cells were incubated with 10 μM of MG132 for 1, 3, 6, and 9 h, and occludin levels were determined by western blotting.*P < 0.05,**P < 0.01, significant difference compared to exposure to 37 °C; N = 3. Data are expressed as mean ± SEM. (C) Immunofluorescence staining showed that MG132 treatment elevated occludin expression in 29 °C-exposed cells.(D) Significantly greater ubiquitinated occludin levels were observed in 29 °C- than in 37 °C-exposed cells. The cells were pre-treated with MG132. Cell proteins were extracted and immunoprecipitated with anti-occludin. The enriched proteins were analyzed by western blotting with anti-occludin, anti-GAPDH, and anti-ubiquitin antibodies. Grouped data were normalized by 37 °C at the same time point. CHX, cycloheximide; Ub, ubiquitin. Figure 3. Nedd4-2 knockdown or TRPV4 inhibition restored occludin expression in 29 °C-exposed cells. (A) Beas-2B cells were transiently transfected either with a scramble non-targeting siRNA (siNC) or siNedd4-2 for 48 h, and then treated with low temperature (29 °C) for 1-9 h. Occludin expression levels were analyzed by western blotting. ***P < 0.001,****P < 0.0001, significant difference compared to exposure to 37 degC; N = 3. (B)siNedd4-2 transfection significantly reduced Nedd4-2 levels; however, it did not alter Itch expression in Beas-2B cells. Data are expressed as mean +- SEM. (C) Beas-2B cells were either treated with dimethyl sulfoxide or TRPV4 blockers (1 μM of HC-067047 + 100 nM of GSK2193874), followed by low temperature stimulation (29 °C) for 1-9 h. Occludin expression was examined by western blotting. Figure 4. SGK1-mediated Nedd4-2 dephosphorylation is responsible for occludin proteasomal degradation under low temperatures. (A)Beas-2B cells were exposed to 29 degC for 1, 3, 6, and 9 h. Expression levels of pNedd4-2, Nedd4-2, pSGK1, and SGK1 were analyzed by western blotting. (B) Grouped data showing total expression levels of Nedd4-2; N =10; (C) Grouped data showing the percentage of pNedd4-2 over total Nedd4-2 expression; N = 9. (D)Grouped data showing the percentage of pSGK1 over total SGK1 expression;N = 5. (E) The activation of SGK1 with C4-CER rescued the expression of occludin in Beas-2B cells treated by 29 degC. The cells were either pretreated or untreated with 10 μM of C4-CER, an SGK1 activator, followed by low-temperature stimulation for 1, 3, 6, and 9 h;N = 4. Cells were then lysed, and analyzed via western blotting.*P < 0.05,**P < 0.01,***P < 0.001, significant difference compared to exposure to 37 °C. Data are expressed as mean ± SEM.(F) A proposed schematic model showing that cold stress promotes occludin degradation via SGK1/Nedd4-2-mediated ubiquitin–proteasome pathways. C4-CER, C4-ceramide; TRPV4, transient receptor potential vanilloid 4. Figure 5. Effects of ambient temperature and drug treatment on OVA-induced asthmatic mice. (A) Pulmonary epithelial permeability was assessed by FITC-Dextran via intranasal instillation (N = 5 mice per group). (B) Total serum IgE levels (N = 4 mice per group). (C) Representative photomicrographs of hematoxylin and eosin staining of lung sections. (D) Histopathological scoring of inflammatory cells in mouse lungs (N = 8 mice per group). Data are expressed as mean ± SEM. *P < 0.05, **P < 0.01,****P < 0.0001, significant difference between the two groups. C4-CER, C4-ceramide; GSK219, GSK2193874; OVA, ovalbumin. Figure 6. Effects of ambient temperature and drug treatment on BALF inflammatory cell count and cytokine levels in OVA-induced asthmatic mice. (A) BALF cell counts in each group were analyzed by flow cytometry. The representative images showed the frequency of CD45+ leukocytes and CD45+CD11c-Siglec-F+eosinophils in the gated BALF single cells. Zombie is a dye probe for dead cells. (B) Total cell count in BALF (N = 4 mice per group, ***P < 0.001, significant difference compared to OVA administration at 30 °C;#P < 0.05,###P < 0.001, significant difference compared to OVA administration at 10 °C). (C)Grouped data of panel A showing the percentage of leukocytes and eosinophils in gated BALF single cells (N = 4 mice per group,**P < 0.01, significant difference compared to PBS administration at 30 °C; ##P< 0.01, significant difference compared to PBS administration at 10 °C). (D-I) Levels of IL-1β (D) , IL-4(E) , IL-5 (F) , IL-6 (G) , IL-10 (H) , and KC/GRO (I) in BALF (N = 5 mice per group,*P < 0.05,**P < 0.01,****P < 0.0001, significant difference between the two groups). Data are expressed as mean ± SEM. BALF, bronchial alveolar lavage fluid; C4-CER, C4-ceramide; Eos, eosinophils; GSK219, GSK2193874; OVA, ovalbumin.
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