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Background and objective

Asthma exacerbations due to cold air exposure are well recognized; however, the underlying mechanisms remain unclear. We investigate the role of the transient receptor potential ankyrin1 (TRPA1) channel in cold air-induced aggravation of innate airway inflammation using a murine model of papain stimulation combined with cold air exposure.





Methods

Wild-type (WT) and Trpa1 knockout (KO) mice were treated intranasally with papain under different temperature conditions. Bronchoalveolar lavage fluid (BALF) and lung tissues were analyzed. The effects of the TRPA1 antagonist HC030031 were also evaluated. Additionally, human bronchial epithelial (HBE) cells were stimulated with papain and the TRPA1 agonist allyl isothiocyanate (AITC).





Results

Papain treatment increased eosinophils in BALF, and the number of eosinophils was similar in WT and Trpa1 KO mice. Papain treatment with cold air exposure in WT mice significantly increased the number of eosinophils and type-2 innate lymphoid cells and the protein expressions of IL-5, IL-13, and TSLP in BALF. However, cold air exposure failed to augment airway eosinophilia in response to papain in Trpa1 KO mice. Treatment of HC030031 replicated the findings observed in Trpa1 KO mice. AITC enhanced papain-induced TSLP production in HBE cells by increasing the intracellular calcium concentration.





Conclusions

These findings suggest that TRPA1 channels expressed in airway epithelial cells play a critical role in producing TSLP, contributing to the enhancement of eosinophilic airway inflammation mediated by innate immunity upon cold air exposure, providing valuable insights into the mechanisms underlying asthma exacerbation triggered by cold temperatures.
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Introduction

Asthma is a heterogeneous disease, characterized by chronic airway inflammation and variable airflow obstruction, that causes dyspnea, cough, and wheezing (1–3). Asthma therapy has advanced remarkably, and many asthmatic patients are able to achieve good disease control with current therapies. However, a substantial number of patients experience asthma exacerbations by viral infections and environmental risk factors, which can be life-threatening and a significant burden for them. These can be either antigen-specific stimuli, such as allergens, or antigen-nonspecific stimuli, such as cold air and pollutants, which cause airway inflammation through distinct immune mechanisms (3–5). Although previous studies have found an increased risk of asthma exacerbations or hospital admissions during cold spells (6–8), pathophysiological mechanisms underlying cold air-induced airway responses in asthma remain incompletely understood.

Recent advances in asthma have led to the identification of two major endotypes based on the level of type-2 cytokine-driven inflammation: type-2 high and type-2 low (9). In patients with type-2 high asthma, the type-2 immune response is excessively activated, and T helper type-2 (Th2) cells and group 2 innate lymphoid cells (ILC2s) produce large amounts of the type-2 cytokines like interleukin-4 (IL-4), IL-5, IL-9, and IL-13, which in turn induce asthmatic features (9, 10). Asthma exacerbations are associated with exposure to the external stimuli described above, which trigger the release of epithelial-derived inflammatory ‘alarmin’ cytokines, such as thymic stromal lymphopoietin (TSLP), IL-25, and IL-33. Then, by stimulation with these epithelial-derived cytokines, ILC2s release type-2 cytokines, IL-5, and IL-13. Therefore, ILC2s are considered to be involved in the pathophysiology of asthma exacerbation caused by antigen non-specific stimuli (11, 12).

Transient receptor potential (TRP) channels are multifunctional signaling molecules with many roles in sensory perception and cellular physiology (13). The TRPA1 channel, a member of the TRP subfamily, is widely expressed in sensory nerve endings and in non-neuronal cells. TRPA1 channels have been reported to be activated by cold, heat, and mechanical stimuli (14). The activation of TRPA1 channels leads to coughing in humans (15). A previous study using ovalbumin (OVA)-induced asthma models demonstrated that TRPA1 activation leads to the release of neuropeptides such as calcitonin gene-related peptide (CGRP), substance P, and neurokinin A, which, in turn, promotes the activation of adaptive immunity and cytokine production (16). However, the role of TRPA1 channels in innate immunity-mediated airway inflammation remains unknown.

TRPA1 channels are activated by temperatures below 17°C (17). Therefore, we hypothesized that cold air exposure could enhance ILC2-dependent airway inflammation through TRPA1 channels. In white adipose tissues, cold exposure has been shown to induce the expression of IL-33 and the population of ILC2s and eosinophils (18). Given that cold air-induced exacerbation of asthma is considered to contribute to the innate immune response, we used papain, a plant-derived cysteine protease, as the stimulus in our study. Intranasal papain administration is known to be a typical model of type-2 airway inflammation mediated by innate immunity (19). Papain releases IL-33, IL-25, and TSLP from airway epithelial cells, a process that subsequently activates ILC2s to induce eosinophilic airway inflammation through type-2 cytokine production. Here, we showed that eosinophil accumulation and type-2 cytokine production induced by papain are augmented after cold air exposure. We investigated the mechanisms by which cold air exposure modulates ILC2-dependent airway inflammation using Trpa1 knockout (KO) mice and in vitro experiments.





Materials and methods




Mice

C57BL/6 mice (8–12 weeks old) were housed under specific pathogen-free (SPF) conditions (12 h light-dark cycle and 22°C). Mice were maintained in ventilated cabinets equipped with HEPA-filtered air supply. Each cage housed up to three mice with wood shavings bedding, and plastic shelters were provided as enrichment. Mice had free access to standard chow and water. Trpa1 KO mice, obtained from The Jackson Laboratory, were backcrossed with C57BL/6 mice for more than 10 generations as previously described (20), and then used in the experiments. This animal study was approved by the Animal Care and Use Committees of Kagoshima University - approval: MD22084, MD23011. All animal experiments and handling procedures were performed in accordance with institutional guidelines.





Papain-induced airway inflammation and cold air exposure

Mice were anesthetized with isoflurane and then administered 25 μg papain (Calbiochem, San Diego, CA, USA) in 40 μl saline intranasally for 3 consecutive days. Mice were sacrificed 24 h after the final papain administration to assess airway inflammation as previously described (21).

For the cold air-exposure experiment, mice were immediately transferred to a 4°C environment for 8 h following each papain administration, and then maintained at 22°C for the subsequent 16 h. Papain administration and cold air exposure were repeated for 3 consecutive days (Figure 1).

[image: Diagram detailing a study on the effects of papain and cold air exposure. (A) Timeline illustrates dosing and evaluation over four days. (B) Histological images show lung tissue under different conditions: naive, cold, papain, papain/cold with HE and PAS staining. (C-F) Bar graphs display various cell counts and cytokine levels in different experimental groups, noting significant differences with asterisks. Annotations indicate WT and KO conditions, with papain and cold exposure impacting measurements such as total cells, ILC2s, IL-5, and IL-13 levels.]
Figure 1 | Cold air exposure failed to induce the exacerbation of eosinophilic inflammation in the airway of a papain model of Trpa1 KO mice. (A) Experiment protocol: Airway inflammation was induced by the administration of papain for 3 consecutive days. For cold air exposure, mice were kept at 4°C for 8 h following each papain administration, and then maintained at 22°C for the subsequent 16 h (B–F), Cold air exposure increased airway histological alterations, including epithelial damage, inflammatory cell infiltration, and mucus hypersecretion (B), the numbers of total cells, eosinophils (C), and ILC2s (D), and the production and expression of IL-5 and IL-13 in BALF (E) and lungs (F) in a papain-treated murine model. Increases in these parameters were suppressed in Trpa1 KO mice, as compared to WT mice, under cold air exposure. The histology of the airway was examined by hematoxylin-eosin (H&E) (×200 or ×400), and Periodic acid-Schiff (PAS) staining (×400). Scale bar: 100 μm (B). The numbers of ILC2s in BALF were measured using flow cytometry (D). IL-5 and IL-13 production and expression were measured by ELISA (E) and real-time PCR (F). Mean ± SEM: n = 4–6 for each group; two-way ANOVA with Tukey’s post hoc test; *P < 0.05. Data are representatives of three independent experiments. i.n., intranasal.

To analyze neuropeptides and epithelial-derived cytokines, mice were sacrificed after a single papain administration and subsequent exposure to cold air stimuli at 4°C for 3 h (Figures 2, 3).
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Figure 2 | Co-stimulation with papain and cold air exposure enhances neuropeptide expression without Inducing TRPA1 channel activation. (A) The expression of Calca in papain-treated WT mice exposed to cold air was significantly upregulated compared with naïve mice, peaking at 3 h after treatment. At 24, 48, and 72 h, Calca expression declined and was not significantly different from naïve controls. (B) Experiment protocol: Mice received a single dose of papain followed by cold exposure for 3 h. (C) The expression of Calca and Nmu mRNA at 3 h after stimulation. Calca was upregulated by papain stimulation and further enhanced by the combination with cold air, whereas cold air alone had no effect. This induction occurred irrespective of TRPA1 expression (left). Calca and Nmu expressions were measured by real-time PCR (A, B). Mean ± SEM: n = 3–5 for each group; two-way ANOVA with Tukey’s post hoc test; *P < 0.05. Data are representatives of two independent experiments.
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Figure 3 | Papain-treated elevation of TSLP levels under cold air exposure is suppressed in Trpa1 KO mice. (A) Experiment protocol: Mice received a single dose of papain followed by cold exposure for 3 h. (B, C) Cold air exposure increased the production and expression of TSLP in BALF (B) and lungs (C) in a papain-treated murine model. No increase in these parameters was observed following cold air exposure in Trpa1 KO mice. TSLP and IL-33 production and expression were measured by ELISA (B) and real-time PCR (C). Mean ± SEM: n = 4–6 for each group; two-way ANOVA with Tukey’s post hoc test; *P < 0.05. Data are representatives of three independent experiments.

To investigate the pharmacological inhibition of TRPA1 channels, a TRPA1 channel antagonist, HC030031 (Alomone Labs, Jerusalem, Israel), at a dose of 50 mg/kg in 200 μl of PBS, was injected intraperitoneally 60 minutes prior to each papain administration (16) (Figure 4).
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Figure 4 | TRPA1 channel antagonist prevented an increase in the number of eosinophils and ILC2s and the production and expression of IL-5, IL-13, and TSLP caused by co-stimulated with papain and cold air exposure. (A) Experiment protocol: Mice received intraperitoneal administration of HC-030031–60 min before each papain administration, followed by exposure to cold air. (B, C) The administration of HC-030031 prevented the enhanced number of total cells, eosinophils (B), and ILC2s (C) in BALF induced by the addition of cold air exposure to papain stimulation. (D–G) In mice co-stimulated with papain and cold air exposure, the production and expression of IL-5, IL-13, and TSLP in BALF (D, F) and lungs (E, G) were prevented by treatment with HC-030031. The number of ILC2s in BALF were measured using flow cytometry (C). IL-5 and IL-13, TSLP, and IL-33 production and expression were measured by ELISA (D, F) and real-time PCR (E, G). Mean ± SEM: n = 4–6 for each group; unpaired t-tests with Tukey’s post hoc test; *P < 0.05. Data are representatives of two independent experiments. HC, HC-030031. i.p., intraperitoneal.

Bronchoalveolar lavage fluids (BALF) and lung tissues were collected. Total cell counts were determined using a standard hemocytometer. Cytospins (Cytospin 3; Shandon, Pittsburgh, PA, USA) were prepared on glass slides and stained with Diff-Quik (21, 22). Differential cell counts were determined by analyzing 200 cells by conventional morphological criteria (23).





Primary human bronchial epithelial cell culture and stimulation

Normal human bronchial/tracheal epithelial (NHBE) cells were purchased from Lonza (Walkersville, MD, USA). NHBE cells were incubated with bronchial epithelial growth medium (BEGM; Lonza) with 5% CO2 at 37°C. All experiments were conducted using second- or third-passage cells at 70-80% confluency. NHBE cells were seeded at a density of 1 × 105 cells per well in 12-well culture plates (AGC, Tokyo, Japan). The cells were treated individually or in combination for 3–6 h with papain (0.1-10 µM; Sigma-Aldrich, St. Louis, MO, USA), allyl isothiocyanate (10-30 µM; AITC; Sigma-Aldrich), a TRPA1 channel agonist, capsaicin (10-30 µM; Selleck Chemicals, Houston, TX, USA), a TRPV1 channel agonist, and BAPTA-AM (5 µM; Selleck Chemicals), a calcium chelator.





Measurement of cytokine protein expression by enzyme-linked immunosorbent assays

Each cytokine protein expression in BALF was measured using the Quantikine ELISA Kit (R&D Systems, Minneapolis, MN, USA) in accordance with the manufacturer’s protocol.





Immunofluorescence staining and enumeration of ILC2s in BALF by flow cytometry

Centrifuged and resuspended cells from BALF were stained for ILC2s with antibodies to surface markers anti-mouse T1/ST2-BV421, anti-mouse KLRG1-BV650, anti-mouse Thy1.2-BV786, anti-mouse CD45.2-PE-Cy7, anti-mouse Lineage Antibody Cocktail (CD3ϵ, CD11b, CD45RA/B220, Ly-76, Ly-6G/Ly-6C)-FITC, or relevant isotype controls, and propidium iodide (PI) was added to remove dead cells (BD Biosciences, San Jose, CA, USA; BioLegend, San Diego, CA, USA). Antibodies used in this study are listed in Supplementary Table S1 in the Supporting Information.

ILC2s were identified as lineage-negative (Lin−) Thy1.2+ T1/ST2+ KLRG1+ CD45.2+ cells. ILC2s were enumerated using BD FACSCelesta (BD Biosciences). All data were analyzed using FlowJo software (BD Biosciences).





Quantitative real-time polymerase chain reaction

Total RNA was extracted from lungs and NHBE cells by using TRI reagent (Molecular Research Center, Inc., Cincinnati, OH, USA), and cDNA was synthesized with the High-Capacity cDNA Reverse Transcription Kit (Life Technologies, Carlsbad, CA, USA). Quantitative PCR was performed with TaqMan PCR using TaqMan Universal PCR Master Mix and the StepOnePlus Real-Time PCR System (Life Technologies). The specific primers (Applied Biosystems, Foster City, CA, USA) used in this study are listed in Supplementary Table S2 in the Supporting Information.





Western blot analyses

The RIPA Lysis Buffer System (Santa Cruz Biotechnology Inc., Dallas, TX, USA) was used to lyse cells. Protein lysates (30 μg) were separated with SuperSep 6% gels (FUJIFILM Wako Chemical Corporation, Osaka, Japan) and incubated with Rabbit Anti-TRPA1 antibody (1:2000 dilution; ABN1009, Merck Millipore, Darmstadt, Germany) and β-Actin Mouse mAb (1:5000 dilution; 8H10D10; Cell Signaling Technology) as primary antibodies at 4 °C overnight. The membrane was washed and then incubated with secondary HRP-conjugated antibodies (GE Healthcare, Chicago, IL, USA). Immunoblotting was performed in accordance with the manufacturer’s instructions. Images were analyzed with ImageJ software. These assays were carried out as previously described (24).





Air-liquid interface culture of primary bronchial epithelial cells

Primary bronchial epithelial cells were collected and cultured in accordance with previously described protocols (25, 26). Briefly, cells were obtained during routine fiberoptic bronchoscopy from never-smoker patients with normal lung function and pulmonary nodules by performing bronchial brushings from lobes without a pulmonary nodule. All bronchial brushings were obtained from the same anatomical region (bronchial generations 4-7). This study was conducted in accordance with the Declaration of Helsinki. The study protocol was approved by the Kyushu University Institutional Review Board for Clinical Research (2023-44), and all subjects provided written informed consent.

Cells were cultured in flasks coated with collagen (Cell Applications, Inc., San Diego, CA, USA) containing supplemented BEGM at 37°C in 5% CO2 and used for the air-liquid interface (ALI) culture within four passages. For ALI culture, cells were seeded onto collagen-coated Transwell inserts (0.33 cm2 Polyethylene terephthalate, 0.4 μm pore size; Corning, Glendale, AZ, USA) at a density of 1.0 × 105 cells/cm2 with 200 μl apical volume and 500 μl basal volume of BEGM. After 48–72 h, the apical medium was removed, and the cells were maintained with 500 μl of PneumaCult™-ALI Maintenance Medium (STEMCELL Technologies, Tokyo, Japan) in the basal chamber. The medium was renewed every other day, and the monolayers were allowed to differentiate under the ALI condition for 21 days. Then, cells were treated with 1 µM papain alone, 100 µM AlTC alone, or a combination of both.





Immunofluorescence staining

Differentiated cells were washed twice with PBS and fixed with 4% paraformaldehyde for 30 min. After blocking with PBS containing 1% bovine serum albumin (BSA) and 0.1% triton X-100 for 30 min at room temperature, the cells were incubated with rabbit anti-TSLP polyclonal antibody (20 μg/ml; Abcam, Cambridge, UK) prepared in PBS containing 1% BSA and 0.1% triton X-100 at 4°C overnight, followed by incubation with Alexa Fluor 488-conjugated goat anti-rabbit IgG antibody (diluted 1:500; Abcam) for 2 h at room temperature. Then F-actin and nuclear DNA were stained with Phalloidin-iFluor 647 Reagent (diluted 1:1000; Abcam) and 4’, 6-diamidino-2-phenylindole (DAPI) (diluted 1:1000; FUJIFILM Wako Chemical Corporation), respectively.

Fluorescent images were obtained using a Zeiss LSM 700 confocal microscope (Carl Zeiss, Jena, Germany) with a 63x oil 1.4 numerical aperture objective lens. Z-stack images were captured by taking an average of 15 slices at 1 μm intervals, ranging from the top, where F-actin can be observed, to the bottom. The images were processed using ZEN3.5 software (blue edition; Carl Zeiss), followed by further processing of the image using the section mode of Imaris Version 10.1 software (Bitplane AG, Zurich, Switzerland).





Measurement of the intracellular calcium concentration

NHBE cells were incubated in BEGM at 37°C with 5% CO2 overnight to reach 80% confluence. Cells were then treated with 30 µM AITC. Intracellular calcium (Ca2+) concentrations were measured using the Calcium Kit-Fluo 4 (Dojindo, Kumamoto, Japan) following the manufacturer’s protocol. Briefly, cells were loaded with Fluo-4 dye and incubated at 37°C. Fluorescence was measured using the Infinite M200 fluorescence microplate reader (Tecan, Männedorf, Switzerland) at an excitation wavelength of 485 nm and an emission wavelength of 535 nm.





Statistical analysis

Data are expressed as the mean ± SEM. Statistical differences among groups were analyzed using unpaired t-tests or an analysis of variance together with Tukey’s analysis. Data were analyzed with GraphPad Prism 8 software (GraphPad Software, La Jolla, CA, USA). P < 0.05 was considered significant.






Results




Effect of cold air exposure on papain-induced eosinophilic airway inflammation and the role of the TRPA1 channel

Papain was administered to both Trpa1 KO mice and WT littermates (Supplementary Figure S1A in the Supporting Information). Papain treatment increased the numbers of total cells, eosinophils, and ILC2s in BALF (Supplementary Figures S1B, C in the Supporting Information); it also resulted in elevated IL-5 and IL-13 in BALF, along with the upregulated expression of these cytokines in the lungs of WT mice (Supplementary Figure S1D, E in the Supporting Information). There were no differences in the numbers of eosinophils and ILC2s and in these cytokine expressions between WT and Trpa1 KO mice.

Cold air exposure alone did not alter the numbers of total cells, eosinophils, or ILC2s in BALF, nor did it affect the protein levels of IL-5 and IL-13 in BALF, in either Trpa1 KO mice or WT littermates, compared with naïve mice. No significant differences were observed between WT and Trpa1 KO mice (Supplementary Figures S2A–E in the Supporting Information).

To investigate whether exposure to cold air affects type-2 airway inflammation, papain-treated Trpa1 KO mice and WT littermates were exposed to cold air (Figure 1A). In papain-treated WT mice, the cold air-exposed group exhibited significantly increased total cell, eosinophil, and ILC2 counts in BALF as compared to the room temperature group. Furthermore, histological examination revealed that papain exposure induced eosinophilic airway inflammation and mucus hypersecretion, which were further exacerbated by concomitant cold air exposure, showing enhanced epithelial response, inflammatory cell infiltration, and mucus production (Figure 1B). Conversely, in papain-treated Trpa1 KO mice, no increases in the number of total cells, eosinophils, and ILC2s in BALF were observed under cold air exposure; these cell numbers were significantly lower than in papain-treated WT mice with cold air exposure (Figures 1C, D). In papain-treated Trpa1 KO mice with cold air exposure, the protein expressions of IL-5 and IL-13 in BALF and the mRNA transcription of these cytokines in the lungs were also significantly suppressed as compared to WT mice (Figures 1E, F).

These results indicate that TRPA1 channels play an important role in the aggravation of papain-induced type-2 airway inflammation under cold air exposure.





Activation of TRPA1 channels in airway epithelial cells is crucial for the release of TSLP

Next, we examined neuropeptides, CGRP and neuromedin U (NMU), which activate ILC2s as potential mediators of the mechanism by which cold air exposure aggravates papain-induced type-2 airway inflammation. These neuropeptides modulate ILC2 activation by binding to their respective receptors on ILC2s (27).

In papain-treated WT mice exposed to cold air, the expression of Calca, the gene encoding CGRP, was significantly upregulated compared to that in naïve mice, with a peak at 3 h post-treatment. At 24, 48, and 72 h, Calca expression decreased and was not significantly different from that in naïve mice (Figure 2A). Thus, both WT and Trpa1 KO mice were treated with papain and exposed to cold air (Figure 2B). The expression of Calca was upregulated by papain stimulation but not by cold air exposure alone, and its expression was further enhanced by both stimuli were applied. This induction was observed regardless of the presence or absence of TRPA1 (Figure 2C, left).

On the other hand, papain administration tended to increase Nmu expression, although the difference did not reach statistical significance. However, additional cold air exposure did not further enhance Nmu expression in papain-treated mice (Figure 2C right).

We then examined the involvement of TRPA1 channels in the release of epithelial-derived cytokines. Papain administration significantly increased the amount of TSLP and IL-33 in BALF, as well as their mRNA expression in lung tissues in both WT and Trpa1 KO mice. No significant differences were observed between WT and Trpa1 KO mice. Cold air exposure alone did not affect the amount of TSLP or IL-33 in BALF or lung tissues in either WT or KO mice (Supplementary Figure S3A, B in the Supporting Information).

Both WT and Trpa1 KO mice were treated with papain and exposed to cold air (Figure 3A). In papain-treated WT mice, the cold air-exposed group showed significantly increased amounts of TSLP in BALF and lung tissues compared to the room temperature group. In papain-treated Trpa1 KO mice, no increase of TSLP expression was observed following cold air exposure (Figures 3B, C). As for IL-33, its levels were not elevated by cold air exposure, and no differences were observed between WT and Trpa1 KO mice (Figures 3B, C).

These results suggest that the activation of TRPA1 channels by cold air exposure induces the release of TSLP from airway epithelial cells under papain stimulation, which may activate ILC2s and is associated with eosinophilic airway inflammation. Our findings highlight that TRPA1 functions not only in sensory neurons but also in airway epithelial cells, underscoring the novelty of epithelial TRPA1 as a contributor to cold-induced airway inflammation.





The effect of a TRPA1 channel antagonist on papain-induced eosinophilic airway inflammation with cold air exposure

We investigated whether the pharmacological inhibition of TRPA1 channels could replicate the results observed in Trpa1 KO mice. Papain-treated WT mice were administered HC030031, followed by cold air exposure (Figure 4A). The administration of HC030031 prevented an increase in the number of eosinophils and ILC2s observed in the untreated control group caused by the combination of papain treatment and cold air exposure (Figures 4B, C). It also prevented an increase in the concentration of IL-5 and IL-13 in BALF and the mRNA expression in lung tissues observed in the untreated control group (Figures 4D, E). Furthermore, HC030031 markedly suppressed the cold air-induced increase in TSLP expression, whereas it had no significant effect on IL-33 levels (Figures 4F, G).

These findings indicate that the pharmacological inhibition of TRPA1 channels replicates the results observed in Trpa1 KO mice, indicating that TRPA1 channels are critically involved in the exacerbation of eosinophilic airway inflammation mediated by innate immunity with cold air exposure.





TRPA1-mediated Ca2+ signaling drives TSLP production in airway epithelial cells

To elucidate how TRPA1 channel activation leads to TSLP expression in airway epithelial cells, we conducted in vitro experiments using normal human bronchial epithelial (NHBE) cells. TRPA1 mRNA was detected in NHBE cells, and its expression was upregulated following treatment with allyl isothiocyanate (AITC), a TRPA1 channel agonist (Figure 5A). Western blot analysis also confirmed the presence of TRPA1 protein in NHBE cells and showed increased expression following AITC treatment (Figure 5B). Stimulation with either papain or AITC upregulated TSLP expression in NHBE cells in a concentration-dependent manner. Since AITC can activate both TRPA1 and TRPV1 channels, we investigated whether the AITC-induced upregulation of TSLP is mediated specifically through TRPA1 activation. To this end, we treated NHBE cells with capsaicin, a selective TRPV1 agonist, at the same concentration used for AITC. Capsaicin treatment did not significantly increase TSLP expression, suggesting that TRPV1 is not involved in this response and supporting the role of TRPA1 in mediating TSLP induction (Figure 5C).

[image: Graphs and images showing the effects of different compounds on gene expression and protein presence. (A) Bar graph showing Trpa1/GAPDH fold increase with AITC treatment. (B) Western blot and bar graph illustrating TRPA1 protein levels and Trpa1/β-actin expression increase after AITC treatment. (C) Bar graphs depicting Tslp/GAPDH fold increases with varying concentrations of papain, AITC, and capsaicin. (D) Bar graph showing combined effects of papain and AITC on Tslp/GAPDH fold increase. (E) Immunofluorescence images of TSLP expression in cells treated with control, AITC, and papain.]
Figure 5 | TRPA1 channels induce TSLP expression in human airway epithelial cells. (A) NHBE cells were incubated with 30 µM AITC for 3 h, resulting in upregulation of TRPA1 mRNA. (B) NHBE cells were incubated with 30 µM AITC for 6 h. Western blot images were analysed using ImageJ software. Western blot analysis showed the presence of TRPA1 in NHBE cells and its increased expression. (C) NHBE cells were incubated with 0.1-10 µM papain for 6 h or 10-30 µM AITC for 3 h. Treatment with papain and AITC upregulated TSLP mRNA expression in NHBE cells in a concentration-dependent manner, respectively. Treatment with 10-30 µM capsaicin for 3 h did not significantly increase TSLP mRNA expression. (D) Co-stimulation with 30 µM AITC and 1 µM papain for 6 h upregulated TSLP mRNA expression in NHBE cells, as compared to papain or AITC alone. (E) Immunofluorescence staining using ALI culture showed that co-stimulation with 100 µM AITC and 1 µM papain for 12 h induced a marked enhancement in green fluorescence, as compared to papain or AITC alone, indicating increased TSLP production. Fluorescent images were obtained using a Zeiss LSM 700 confocal microscope with a 63x oil immersion objective (NA 1.4). The final displayed magnification is 250x. Scale bar: 20 µm. TRPA1 and TSLP expression were measured by real-time PCR (A, C, D). Mean ± SEM: n = 4–6 wells per group; data shown are from a representative experiment out of three independent experiments with similar results. Unpaired t-tests with Tukey’s post hoc test; *P < 0.05. ALI, Air-liquid interface.

Co-stimulation with papain and AITC synergistically increased the expression of TSLP in NHBE cells as compared to stimulation with either papain or AITC alone (Figure 5D). Immunofluorescence staining in ALI cultures of human bronchial epithelial cells showed a significant increase in green fluorescence with the co-stimulation of papain and AITC as compared to stimulation with either papain or AITC alone, confirming the synergistic induction of TSLP under co-stimulation (Figure 5E).

Finally, we examined the mechanism by which TRPA1 channel stimulation enhances TSLP expression in airway epithelial cells by focusing on changes in intracellular Ca2+. AITC was added to the culture medium of NHBE cells, and intracellular Ca2+ concentrations were measured. An obvious increase in fluorescence intensity was observed, indicating elevated intracellular Ca2+ concentrations (Figure 6A). AITC-stimulated NHBE cells were treated with the calcium chelator BAPTA-AM. A significant reduction in TSLP expression was observed in the BAPTA-AM-treated group as compared to controls. In contrast, AITC stimulation had no effect on IL-33 expression, and this remained unchanged with calcium chelation (Figure 6B). These findings demonstrate that in airway epithelial cells, the Ca2+-mediated signaling pathway is essentially involved in the TRPA1-mediated TSLP release.

[image: (A) Line graph showing fluorescent intensity versus time in seconds. AITC at 30 micromolar is introduced at 10 seconds, causing a spike in fluorescence intensity which then stabilizes. (B) Bar graphs display fold increase for Tslp/GAPDH and Il-33/GAPDH. Tslp/GAPDH shows significant increase with AITC, reduced with BAPTA-AM. Il-33/GAPDH shows minimal change, regardless of treatments. Both graphs indicate statistical significance with asterisks.]
Figure 6 | TRPA1-induced TSLP release in NHBE cells is dependent on intracellular Ca2+. (A) The administration of 30 µM AITC in NHBE cells resulted in an increase in fluorescence intensity, indicating elevated intracellular calcium levels. (B) The elevated expression of TSLP in NHBE cells treated with 30 µM AITC was reduced following the addition of 5 µM BAPTA-AM, a calcium chelator, for 3 h Fluorescence intensity was measured by the Calcium Kit-Fluo-4 (A). TSLP and IL-33 expression were measured by real-time PCR (B). Mean ± SEM: n = 4–6 wells per group; data shown are from a representative experiment out of three independent experiments with similar results. One-way ANOVA with Tukey’s post hoc test; *P < 0.05.






Discussion

In this study, we revealed the important role of TRPA1 channels in papain-induced murine asthma models. First, the activation of TRPA1 under cold air exposure results in increased eosinophils and ILC2s as well as type-2 cytokines in BALF. Second, in this model, such type-2 inflammation is induced by TRPA1-mediated TSLP expression. Third, papain stimulation and TRPA1 channel activation work together to increase the expression of TSLP. Finally, the increase in TSLP expression via the TRPA1 channel is intracellular Ca2+ dependent.

Although asthma exacerbation induced by cold air exposure has a certain prevalence worldwide, its molecular pathogenesis remains unknown, and no specific treatment has been defined. This is due to the lack of molecular biological analyses in animal models that mimic this condition. In this study, we developed a novel asthma model by combining papain stimulation with intermittent cold air exposure at 4°C. Using this model, we have shown that the activation of TRPA1 channels is specifically involved in the exacerbation of innate immunity-mediated eosinophilic airway inflammation under cold air exposure; these findings provide a molecular mechanistic explanation for such asthma exacerbation.

TRP channels act as cellular sensors that respond to various environmental changes, including changes in temperature, pressure, chemicals, oxidative stress, osmolarity, and pH (28). They are expressed in nearly all cell types and are vital to numerous homeostatic processes (29). Initially, the TRPA1 channel, a member of the TRP subfamily, was thought to be predominantly expressed in sensory neurons. However, numerous studies have revealed that TRPA1 channels are widely expressed in non-neuronal cells, such as epithelial cells, fibroblasts, and mast cells (30). Previous researches have confirmed the presence of TRPA1 channels in the airway epithelium (31–34). In the airway, TRPA1 channels are crucial for detecting irritant chemicals and hypoxia, triggering escape behaviors, and modulating respiratory responses (35).

Our results demonstrated that cold air exposure significantly exacerbated eosinophilic airway inflammation in a papain-treated murine model, and this inflammation was ameliorated in Trpa1 KO mice or WT mice treated with a TRPA1 channel antagonist (Figures 1, 4). Previous studies have linked TRPA1 channels to the development of eosinophilic airway inflammation in OVA-induced murine models (16), and cold air stimulation may further aggravate such inflammation by activating TRPA1 channels (33, 36). Generally, OVA-induced eosinophilic airway inflammation is the result of acquired immunity, driven primarily by antigen-specific Th2 cells. In contrast, the papain-induced eosinophilic airway inflammation model we used highlights the crucial role of innate immunity, particularly ILC2 cells (19). Therefore, the exacerbation of airway inflammation resulting from exposure to cold temperatures is triggered by TRPA1 channels that sense changes in the environmental temperature, via both innate and acquired immune responses. However, the molecular mechanisms of how innate and acquired immunity function distinctively in the process of airway inflammation through TRPA1 channels were not examined in this study and require further investigation.Previous research has linked TRPA1 to the release of neuropeptides (16). The sensory nerves in the airway express receptors for alarmins and cytokines. Upon stimulation, they release neuropeptides, such as CGRP, that mediate vasodilation, bronchoconstriction, and mucus production (37, 38). ILC2s also express receptors for both NMU and CGRP, and these neuropeptides are known to promote ILC2-mediated eosinophilic airway inflammation (27, 39, 40). Thus, we focused on neuro-immune crosstalk in our model (37, 41), and we observed a significant upregulation of Calca in models exposed to both papain and cold air, regardless of the presence of TRPA1 (Figure 2). Previous reports have shown that OVA-induced allergic inflammation combined with ozone exposure exacerbated airway inflammation via the TRPV1 channel, another member of the TRP channel family, which was associated with elevated CGRP levels (42). In contrast, under papain and cold air exposure, the mechanism of increased CGRP expression appeared to be independent of TRPA1, and we did not functionally examine its role in ILC2 activation. Therefore, the contribution of CGRP to the exacerbation of type-2 airway inflammation remains uncertain and should be clarified in future studies.

TSLP and IL-33 are released from airway epithelial cells and are involved in the induction of type-2 innate immunity (43). In a papain-treated murine model, we previously reported elevated protein expressions of IL-33 and TSLP in BALF at 3 h post-administration, which subsided after 24 h (21). In the present study, only TSLP expression increased further in models exposed to both papain and cold air (Figure 3). These results suggest that cold air-induced activation of TRPA1 channels may promote the additional secretion of TSLP from airway epithelial cells, leading to ILC2 activation and the worsening of eosinophilic airway inflammation. It should also be noted that following a single papain plus cold exposure, we observed early increases in upstream mediators, such as epithelial and neuropeptide transcripts, but no downstream increases in IL-5/IL-13 or BALF eosinophils or ILC2 numbers were detected. This finding suggests that repeated exposures are required for the full development of type-2 airway inflammation. This supports the concept that initial epithelial activation is an early step preceding overt inflammatory cell recruitment.

We observed that the co-stimulation of human airway epithelial cells with the TRPA1 agonist AITC, not TRPV1 agonist capsaicin with papain resulted in a synergistic increase in TSLP expression at 37°C (Figure 5). In addition, we found that the increased intracellular Ca2+ concentration through the activation of TRPA1 channels is implicated in the production of TSLP in airway epithelial cells (Figure 6), which are similar to previous reports for TRPV1 (44, 45). Considering the fact that we observed lower Ct values for TRPV1 than for TRPA1 in NHBE cells (data not shown), possible explanation for our results is that the activation signaling of TRP family is determined by cell types as well as activation conditions. It has been well known that in vivo, TRPA1 is activated by low temperatures, whereas TRPV1 requires stimulation at high temperatures above 43°C to be activated (46). Therefore, we conclude in this study the TRPA1 is the primary mediator of TSLP induction in response to cold exposure, potentially contributing to asthma exacerbations. Additionally, activation of the TRPA1 channel has been reported to promote TSLP release through a Ca2+/NFAT pathway in nasal epithelial cells (45). Although the precise mechanisms how NFAT regulates TSLP transcription remain to be elucidated, our findings raise the possibility that a similar Ca2+/NFAT-dependent pathway operates downstream of TRPA1 in airway epithelial cells, which warrants further investigation. Regarding IL-33, its expression was not affected by TRPA1 activation in our study. We speculate for this differential regulation that IL-33 is constitutively expressed in airway epithelial cells, and TRPA1 activation may have a limited effect on its expression (47).

Together, our in vivo mouse model and in vitro human epithelial cell experiments provide complementary evidence for the proposed cold-TRPA1-TSLP axis. In mice, cold exposure exacerbated papain-induced eosinophilic inflammation in a TRPA1-dependent manner, whereas in human NHBE cells, TRPA1 activation directly enhanced TSLP production. These findings bridge the two systems and support the translational relevance of TRPA1-mediated epithelial cytokine release as a key mechanism underlying cold air-induced asthma exacerbation.

In this study, we used both commercially available NHBE cells and primary ALI cultures. While NHBE cells allowed reproducible pharmacological analyses, TSLP protein levels in culture supernatants were below the detection limit. To complement this, we employed ALI cultures, which better mimic differentiated airway epithelium, to confirm TSLP production by immunofluorescence. In ALI cultures, TSLP protein was scarcely detected after AITC stimulation and did not differ from the control. This finding is consistent with our in vivo results, in which cold exposure alone (TRPA1 stimulation) did not increase TSLP, whereas papain induced a significant increase that was further enhanced by cold stimulation. We interpret these results to reflect differences in epithelial differentiation and the requirement of an inflammatory context for robust TSLP protein production. Submerged NHBE cells mainly represent basal-like cells, in which TSLP mRNA is readily induced by TRPA1 activation, but protein synthesis is minimal, consistent with previous reports using 2D airway epithelial models. In contrast, ALI cultures recapitulate a differentiated, polarized airway epithelium. Our Z-stack immunofluorescence analyses demonstrated that TSLP protein localizes predominantly to the apical side of ciliated epithelial cells, suggesting that although basal and parabasal cells show higher transcript levels in single-cell RNA-seq datasets (48), actual protein synthesis and secretion occur mainly in differentiated ciliated cells. Thus, the apparent discrepancy between NHBE and ALI cultures can be explained by cell-type specific expression patterns and differentiation status, and importantly, the ALI findings reinforce our in vivo observations that TRPA1 stimulation alone is insufficient for TSLP protein induction without additional inflammatory stimuli.

The administration of the TRPA1 antagonist HC030031 effectively mitigated the cold air-induced exacerbation of ILC2-mediated eosinophilic airway inflammation (Figure 4). Several TRP channels, including TRPA1, are being explored as pharmacological targets for asthma (13, 29, 49); however, what type of asthma TRPA1 is specifically involved in has remained unclear, and no drug targeting TRPA1 channels has been clinically developed. Our results provide scientific evidence to clarify the potential of TRPA1 antagonists as a therapeutic agent for cold air-induced asthma exacerbation.

In this study, we were unable to detect consistent changes in TRPA1 expression in whole lung tissues after cold and/or papain exposure, likely because TRPA1 is confined to limited cell subsets; prior reports (31–34) and LungMAP transcriptomic data (50) support its presence in airway epithelium but largely within specific populations such as pulmonary neuroendocrine cells. Our immunostaining attempts also failed to yield reproducible epithelial signals. While several studies have reported TRPA1 expression in airway epithelium (31) or upregulation following OVA-induced allergic inflammation (33), the staining patterns appear highly variable. Considering the biological differences between adaptive (OVA) models previously reported and our innate (papain) model, these findings support the notion that, in our system, activation of TRPA1 rather than a significant increase in its expression is the key trigger of airway inflammation. We did not observe papain-induced increases in TRPA1 expression in NHBE cells. We also made preliminary attempts to expose NHBE cells to cold conditions, but due to technical limitations in our facility, we could not obtain consistent results regarding TRPA1 expression. Therefore, we cannot completely exclude the possibility that cold stress upregulates TRPA1 in human airway epithelium. Taken together, a plausible explanation for the synergistic increase in TSLP with papain plus cold stimulation is that papain elicits epithelial stress responses (e.g., protease-activated receptor signaling) that prime the transcriptional machinery, while TRPA1 activation provides a convergent Ca2+ influx that enhances NFAT activity and thereby augments TSLP transcription. This model explains why cold alone has little effect, yet markedly boosts papain-evoked TSLP, and it highlights specific, testable mediators for future investigation.

One limitation of this study is that the in vitro experiments were conducted using airway epithelial cells from healthy subjects. Second, it was not feasible to perform in vitro experiments with cells exposed to a cold environment as already discussed. Therefore, we used the TRPA1 agonist AITC as an alternative approach in Figures 5 and 6 to focus on demonstrating whether activation of TRPA1 leads to TSLP production, an unprecedented cytokine involved in cold stress-induced airway inflammation, in human airway epithelial cells. This approach confirmed the functional presence of the TRPA1-TSLP axis in human cells; however, in vivo and in vitro responses differed. Specifically, cold exposure alone did not induce TSLP expression in vivo but did so in the presence of papain, whereas AITC alone was sufficient to induce TSLP in NHBE cells. This discrepancy may reflect differences in the mode of TRPA1 activation: AITC is a potent and direct agonist, while cold stress alone appears insufficient to induce TRPA1 activation, and may instead act indirectly through endogenous agonists such as reactive oxygen species or lipid peroxidation products (51, 52). Although we did not quantify these mediators in the present study, we consider this an important future direction to further substantiate the cold-TRPA1 axis. This issue is further complicated by species-specific differences in TRPA1 sensitivity to cold stimulation: TRPA1 was initially identified as a cold sensor in mice (17), whereas subsequent studies have indicated that human TRPA1 is less sensitive to such condition (53). Nevertheless, under certain conditions such as hypoxia, cold-induced production of reactive oxygen species can activate human TRPA1, suggesting that our observations are still relevant to cold-induced airway inflammation in humans (51). Finally, all mice were maintained at 22 °C, which is below the thermoneutral zone (28-32 °C) and may impose chronic cold stress affecting immune and inflammatory responses (54, 55). The absence of a thermoneutral (30 °C) control group is therefore a limitation of this study, and environmental factors such as cage density or elevated ambient temperature may also modulate airway responses.

In conclusion, our data demonstrate that TRPA1 channels contribute to ILC2-dependent airway inflammation under cold air exposure by promoting TSLP production through an increase in intracellular calcium influx in airway epithelial cells. These findings offer valuable insights into the novel role of TRPA1 channels in modulating the production of epithelial-derived cytokines, such as TSLP, in response to environmental temperature changes and suggest specific therapeutic targets for eosinophilic airway inflammatory disorders.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The studies involving humans were approved by the Kyushu University Institutional Review Board for Clinical Research (2023-44). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study. The animal study was approved by the Animal Care and Use Committees of Kagoshima University - approval: MD22084, MD23011. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

YD: Data curation, Formal Analysis, Investigation, Validation, Visualization, Writing – original draft, Writing – review & editing. TM: Data curation, Investigation, Validation, Writing – review & editing. KMa: Conceptualization, Methodology, Project administration, Writing – review & editing. HM: Writing – review & editing. KoT: Writing – review & editing. KMi: Writing – review & editing. KK: Investigation, Writing – review & editing. TK: Writing – review & editing. HI: Conceptualization, Funding acquisition, Methodology, Project administration, Supervision, Writing – review & editing. KeT: Conceptualization, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research and/or publication of this article. This study was supported in part by the Japan Society for the Promotion of Science (JSPS) Grants-in-Aid for Scientific Research (KAKENHI) (grant numbers 25670121, 17H05536, 16K09583, 21K08160, and 24K11348).




Acknowledgments

We thank Hiroko Fukuyama for animal maintenance; the Facility of Laboratory Animal Science Research Support Center; and the Joint Research Laboratory, Graduate School of Medical and Dental Sciences, Kagoshima University.





Conflict of interest

KeT reports personal fees from Chugai Pharmaceutical, Ono Pharmaceutical, AstraZeneca, Daiichi Sankyo, Eli Lilly, Merck, Takeda Pharmaceutical, Pfizer, MSD, Novartis, and Bristol Myers Squibb outside of the submitted work. HI reports grants from Boehringer Ingelheim, GlaxoSmithKline, and Omron, as well as personal fees from AstraZeneca, Boehringer Ingelheim, GlaxoSmithKline, Kyorin, and Sanofi, outside of the submitted work.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1655919/full#supplementary-material




References

	 Fahy JV. Type 2 inflammation in asthma–present in most, absent in many. Nat Rev Immunol. (2015) 15:57–65. doi: 10.1038/nri3786, PMID: 25534623


	 Wenzel SE. Severe adult asthmas: integrating clinical features, biology, and therapeutics to improve outcomes. Am J Respir Crit Care Med. (2021) 203:809–21. doi: 10.1164/rccm.202009-3631CI, PMID: 33326352


	 Global Initiative for Asthma. Global strategy for asthma management and prevention. Fontana, WI:Global Initiative for Asthma (2025).


	 Vernon MK, Wiklund I, Bell JA, Dale P, Chapman KR. What do we know about asthma triggers? a review of the literature. J Asthma. (2012) 49:991–8. doi: 10.3109/02770903.2012.738268, PMID: 23574397


	 Porsbjerg C, Melén E, Lehtimäki L, Shaw D. Asthma. Lancet. (2023) 401:858–73. doi: 10.1016/s0140-6736(22)02125-0, PMID: 36682372


	 Hyrkäs-Palmu H, Ikäheimo TM, Laatikainen T, Jousilahti P, Jaakkola MS, Jaakkola JJK. Cold weather increases respiratory symptoms and functional disability especially among patients with asthma and allergic rhinitis. Sci Rep. (2018) 8:10131. doi: 10.1038/s41598-018-28466-y, PMID: 29973669


	 Ehara A, Takasaki H, Takeda Y, Kida T, Mizukami S, Hagisawa M, et al. Are high barometric pressure, low humidity and diurnal change of temperature related to the onset of asthmatic symptoms? Pediatr Int. (2000) 42:272–4. doi: 10.1046/j.1442-200x.2000.01228.x, PMID: 10881584


	 Chen Y, Kong D, Fu J, Zhang Y, Zhao Y, Liu Y, et al. Increased hospital admissions for asthma from short-term exposure to cold spells in Beijing, China. Int J Hyg Environ Health. (2021) 238:113839. doi: 10.1016/j.ijheh.2021.113839, PMID: 34507107


	 Hammad H, Lambrecht BN. The basic immunology of asthma. Cell. (2021) 184:1469–85. doi: 10.1016/j.cell.2021.02.016, PMID: 33711259


	 van der Ploeg EK, Carreras Mascaro A, Huylebroeck D, Hendriks RW, Stadhouders R. Group 2 innate lymphoid cells in human respiratory disorders. J Innate Immun. (2020) 12:47–62. doi: 10.1159/000496212, PMID: 30726833


	 Yu S, Kim HY, Chang YJ, DeKruyff RH, Umetsu DT. Innate lymphoid cells and asthma. J Allergy Clin Immunol. (2014) 133:943–50; quiz 51. doi: 10.1016/j.jaci.2014.02.015, PMID: 24679467


	 Howell I, Howell A, Pavord ID. Type 2 inflammation and biological therapies in asthma: Targeted medicine taking flight. J Exp Med. (2023) 220:e20221212. doi: 10.1084/jem.20221212, PMID: 37265457


	 Koivisto AP, Belvisi MG, Gaudet R, Szallasi A. Advances in TRP channel drug discovery: from target validation to clinical studies. Nat Rev Drug Discov. (2022) 21:41–59. doi: 10.1038/s41573-021-00268-4, PMID: 34526696


	 Talavera K, Startek JB, Alvarez-Collazo J, Boonen B, Alpizar YA, Sanchez A, et al. Mammalian transient receptor potential TRPA1 channels: from structure to disease. Physiol Rev. (2020) 100:725–803. doi: 10.1152/physrev.00005.2019, PMID: 31670612


	 Birrell MA, Belvisi MG, Grace M, Sadofsky L, Faruqi S, Hele DJ, et al. TRPA1 agonists evoke coughing in Guinea pig and human volunteers. Am J Respir Crit Care Med. (2009) 180:1042–7. doi: 10.1164/rccm.200905-0665OC, PMID: 19729665


	 Caceres AI, Brackmann M, Elia MD, Bessac BF, del Camino D, D'Amours M, et al. A sensory neuronal ion channel essential for airway inflammation and hyperreactivity in asthma. Proc Natl Acad Sci U S A. (2009) 106:9099–104. doi: 10.1073/pnas.0900591106, PMID: 19458046


	 Story GM, Peier AM, Reeve AJ, Eid SR, Mosbacher J, Hricik TR, et al. ANKTM1, a TRP-like channel expressed in nociceptive neurons, is activated by cold temperatures. Cell. (2003) 112:819–29. doi: 10.1016/s0092-8674(03)00158-2, PMID: 12654248


	 Ding X, Luo Y, Zhang X, Zheng H, Yang X, Yang X, et al. IL-33-driven ILC2/eosinophil axis in fat is induced by sympathetic tone and suppressed by obesity. J Endocrinol. (2016) 231:35–48. doi: 10.1530/joe-16-0229, PMID: 27562191


	 Oboki K, Ohno T, Kajiwara N, Arae K, Morita H, Ishii A, et al. IL-33 is a crucial amplifier of innate rather than acquired immunity. Proc Natl Acad Sci U S A. (2010) 107:18581–6. doi: 10.1073/pnas.1003059107, PMID: 20937871


	 Kwan KY, Allchorne AJ, Vollrath MA, Christensen AP, Zhang DS, Woolf CJ, et al. TRPA1 contributes to cold, mechanical, and chemical nociception but is not essential for hair-cell transduction. Neuron. (2006) 50:277–89. doi: 10.1016/j.neuron.2006.03.042, PMID: 16630838


	 Matsuyama T, Machida K, Motomura Y, Takagi K, Doutake Y, Tanoue-Hamu A, et al. Long-acting muscarinic antagonist regulates group 2 innate lymphoid cell-dependent airway eosinophilic inflammation. Allergy. (2021) 76:2785–96. doi: 10.1111/all.14836, PMID: 33792078


	 Inoue H, Kato R, Fukuyama S, Nonami A, Taniguchi K, Matsumoto K, et al. Spred-1 negatively regulates allergen-induced airway eosinophilia and hyperresponsiveness. J Exp Med. (2005) 201:73–82. doi: 10.1084/jem.20040616, PMID: 15630138


	 Moro K, Kabata H, Tanabe M, Koga S, Takeno N, Mochizuki M, et al. Interferon and IL-27 antagonize the function of group 2 innate lymphoid cells and type 2 innate immune responses. Nat Immunol. (2016) 17:76–86. doi: 10.1038/ni.3309, PMID: 26595888


	 Takagi K, Yamakuchi M, Matsuyama T, Kondo K, Uchida A, Misono S, et al. IL-13 enhances mesenchymal transition of pulmonary artery endothelial cells via down-regulation of miR-424/503 in vitro. Cell Signal. (2018) 42:270–80. doi: 10.1016/j.cellsig.2017.10.019, PMID: 29102771


	 Fujita A, Kan OK, Tonai K, Yamamoto N, Ogawa T, Fukuyama S, et al. Inhibition of PI3Kδ Enhances poly I:C-induced antiviral responses and inhibits replication of human metapneumovirus in murine lungs and human bronchial epithelial cells. Front Immunol. (2020) 11:432. doi: 10.3389/fimmu.2020.00432, PMID: 32218789


	 Ogawa T, Kan OK, Shiota A, Fujita A, Ishii Y, Fukuyama S, et al. Inhibition of PI3Kδ Differentially regulates poly I:C- and human metapneumovirus-induced PD-L1 and PD-L2 expression in human bronchial epithelial cells. Front Immunol. (2021) 12:767666. doi: 10.3389/fimmu.2021.767666, PMID: 34899719


	 Matsuyama T, Matsuyama H, Dotake Y, Takagi K, Machida K, Inoue H. The therapeutic potential for targeting group 2 innate lymphoid cells in asthma. Front Immunol. (2022) 13:930862. doi: 10.3389/fimmu.2022.930862, PMID: 35911708


	 Kaneko Y, Szallasi A. Transient receptor potential (TRP) channels: a clinical perspective. Br J Pharmacol. (2014) 171:2474–507. doi: 10.1111/bph.12414, PMID: 24102319


	 Fallah HP, Ahuja E, Lin H, Qi J, He Q, Gao S, et al. A review on the role of TRP channels and their potential as drug targets_An insight into the TRP channel drug discovery methodologies. Front Pharmacol. (2022) 13:914499. doi: 10.3389/fphar.2022.914499, PMID: 35685622


	 Wang Z, Ye D, Ye J, Wang M, Liu J, Jiang H, et al. The TRPA1 channel in the cardiovascular system: promising features and challenges. Front Pharmacol. (2019) 10:1253. doi: 10.3389/fphar.2019.01253, PMID: 31680989


	 Nassini R, Pedretti P, Moretto N, Fusi C, Carnini C, Facchinetti F, et al. Transient receptor potential ankyrin 1 channel localized to non-neuronal airway cells promotes non-neurogenic inflammation. PloS One. (2012) 7:e42454. doi: 10.1371/journal.pone.0042454, PMID: 22905134


	 Büch TR, Schäfer EA, Demmel MT, Boekhoff I, Thiermann H, Gudermann T, et al. Functional expression of the transient receptor potential channel TRPA1, a sensor for toxic lung inhalants, in pulmonary epithelial cells. Chem Biol Interact. (2013) 206:462–71. doi: 10.1016/j.cbi.2013.08.012, PMID: 23994502


	 Du C, Kang J, Yu W, Chen M, Li B, Liu H, et al. Repeated exposure to temperature variation exacerbates airway inflammation through TRPA1 in a mouse model of asthma. Respirology. (2019) 24:238–45. doi: 10.1111/resp.13433, PMID: 30440113


	 Yao L, Chen S, Tang H, Huang P, Wei S, Liang Z, et al. Transient receptor potential ion channels mediate adherens junctions dysfunction in a toluene diisocyanate-induced murine asthma model. Toxicol Sci. (2019) 168:160–70. doi: 10.1093/toxsci/kfy285, PMID: 30517707


	 Kuwaki T, Takahashi N. TRPA1 channel in the airway underlies protection against airborne threats by modulating respiration and behaviour. J Physiol. (2024) 602:4755–62. doi: 10.1113/jp284076, PMID: 37147468


	 Deng L, Ma P, Wu Y, Ma Y, Yang X, Li Y, et al. High and low temperatures aggravate airway inflammation of asthma: Evidence in a mouse model. Environ pollut. (2020) 256:113433. doi: 10.1016/j.envpol.2019.113433, PMID: 31761597


	 Nassenstein C, Krasteva-Christ G, Renz H. New aspects of neuroinflammation and neuroimmune crosstalk in the airways. J Allergy Clin Immunol. (2018) 142:1415–22. doi: 10.1016/j.jaci.2018.09.011, PMID: 30409249


	 Jean EE, Good O, Rico JMI, Rossi HL, Herbert DR. Neuroimmune regulatory networks of the airway mucosa in allergic inflammatory disease. J Leukoc Biol. (2022) 111:209–21. doi: 10.1002/jlb.3ru0121-023r, PMID: 33857344


	 Klose CSN, Mahlakõiv T, Moeller JB, Rankin LC, Flamar AL, Kabata H, et al. The neuropeptide neuromedin U stimulates innate lymphoid cells and type 2 inflammation. Nature. (2017) 549:282–6. doi: 10.1038/nature23676, PMID: 28869965


	 Sui P, Wiesner DL, Xu J, Zhang Y, Lee J, Van Dyken S, et al. Pulmonary neuroendocrine cells amplify allergic asthma responses. Science. (2018) 360:eaan8546. doi: 10.1126/science.aan8546, PMID: 29599193


	 Kim B, Rothenberg ME, Sun X, Bachert C, Artis D, Zaheer R, et al. Neuroimmune interplay during type 2 inflammation: Symptoms, mechanisms, and therapeutic targets in atopic diseases. J Allergy Clin Immunol. (2024) 153:879–93. doi: 10.1016/j.jaci.2023.08.017, PMID: 37634890


	 Li J, Chen Y, Chen QY, Liu D, Xu L, Cheng G, et al. Role of transient receptor potential cation channel subfamily V member 1 (TRPV1) on ozone-exacerbated allergic asthma in mice. Environ pollut. (2019) 247:586–94. doi: 10.1016/j.envpol.2019.01.091, PMID: 30708321


	 Roan F, Obata-Ninomiya K, Ziegler SF. Epithelial cell-derived cytokines: more than just signaling the alarm. J Clin Invest. (2019) 129:1441–51. doi: 10.1172/jci124606, PMID: 30932910


	 Jia X, Zhang H, Cao X, Yin Y, Zhang B. Activation of TRPV1 mediates thymic stromal lymphopoietin release via the Ca2+/NFAT pathway in airway epithelial cells. FEBS Lett. (2014) 588:3047–54. doi: 10.1016/j.febslet.2014.06.018, PMID: 24931369


	 Li J, Wang F, Meng C, Zhu D. Role of TRPV1 and TRPA1 in TSLP production in nasal epithelial cells. Int Immunopharmacol. (2024) 131:111916. doi: 10.1016/j.intimp.2024.111916, PMID: 38522138


	 Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD, Julius D. The capsaicin receptor: a heat-activated ion channel in the pain pathway. Nature. (1997) 389:816–24. doi: 10.1038/39807, PMID: 9349813


	 Gu S, Wang R, Zhang W, Wen C, Chen C, Liu S, et al. The production, function, and clinical applications of IL-33 in type 2 inflammation-related respiratory diseases. Front Immunol. (2024) 15:1436437. doi: 10.3389/fimmu.2024.1436437, PMID: 39301028


	 Vieira Braga FA, Kar G, Berg M, Carpaij OA, Polanski K, Simon LM, et al. A cellular census of human lungs identifies novel cell states in health and in asthma. Nat Med. (2019) 25:1153–63. doi: 10.1038/s41591-019-0468-5, PMID: 31209336


	 Mukhopadhyay I, Kulkarni A, Khairatkar-Joshi N. Blocking TRPA1 in respiratory disorders: does it hold a promise? Pharm (Basel). (2016) 9:70. doi: 10.3390/ph9040070, PMID: 27827953


	 Ardini-Poleske ME, Clark RF, Ansong C, Carson JP, Corley RA, Deutsch GH, et al. LungMAP: the molecular atlas of lung development program. Am J Physiol Lung Cell Mol Physiol. (2017) 313:L733–l40. doi: 10.1152/ajplung.00139.2017, PMID: 28798251


	 Miyake T, Nakamura S, Zhao M, So K, Inoue K, Numata T, et al. Cold sensitivity of TRPA1 is unveiled by the prolyl hydroxylation blockade-induced sensitization to ROS. Nat Commun. (2016) 7:12840. doi: 10.1038/ncomms12840, PMID: 27628562


	 Jurado-Fasoli L, Sanchez-Delgado G, Di X, Yang W, Kohler I, Villarroya F, et al. Cold-induced changes in plasma signaling lipids are associated with a healthier cardiometabolic profile independently of brown adipose tissue. Cell Rep Med. (2024) 5:101387. doi: 10.1016/j.xcrm.2023.101387, PMID: 38262411


	 Chen J, Kang D, Xu J, Lake M, Hogan JO, Sun C, et al. Species differences and molecular determinant of TRPA1 cold sensitivity. Nat Commun. (2013) 4:2501. doi: 10.1038/ncomms3501, PMID: 24071625


	 Liao W, Zhou L, Zhao X, Song L, Lu Y, Zhong N, et al. Thermoneutral housing temperature regulates T-regulatory cell function and inhibits ovabumin-induced asthma development in mice. Sci Rep. (2017) 7:7123. doi: 10.1038/s41598-017-784107471-7, PMID: 28769099


	 Vialard F, Olivier M. Thermoneutrality and immunity: how does cold stress affect disease? Front Immunol. (2020) 11:588387. doi: 10.3389/fimmu.2020.588387, PMID: 33329571







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Dotake, Matsuyama, Machida, Matsuyama, Takagi, Mizuno, Kan-o, Kuwaki, Inoue and Tanaka. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1655919-g004.jpg
(A)
Papain in. (25 pg/ 40 L)

l ! ! IEvaInamn

oay 1 s
o ﬁ ﬁ
HC030031 i,
(50 mg/kg/ 200 1)

o o B2 on sen
e e e e

Cold air exposure

(B8) ©)
007 4 v 15 .
3 y © ¥ O Cont-Papain/ Cold B
LA It .
x Y] = 10-
& s0 ° 3
ERS % & J[E] -
;LSS
d?ﬁ wﬂ@&hé o W
@‘\ o
N o o JrodCt
() (E)
s w0 15 . 20 N
o] o ~ef o .
£ 3 z3 10
2 °
E) L= 58
: IR - . 85
20 ’@ 2 % e
o W e o coege Wege T oegs Woa
a3 oo 0008 oo™ 020 gae oo™ g™
(F) (G)
1 o 3 . 15
= 15 ° » _ * e ¥
E 10 S € g2 5310 4
& T R == g3 - g3 §
3 s & eee §§ B g% osf| °
P = 23 % ig
v O ot Vg O e ¥ o0 3 Yo
oo Wice 08 ¥ oige *Ocee ;
por™ av“‘“\ PR PREEN m‘“






OEBPS/Images/fimmu.2025.1655919_cover.jpg
& frontiers | Frontiers in Immunology

Cold temperature enhances innate
eosinophilic airway inflammation via
transient receptor potential ankyrin1





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1655919-g003.jpg
(A)
Papain i.n.
(25 pg/40 L)

¥ Evaluation
Day 1

Cold air exposure

(B)
20 * * *
°
~15
£
g
£ 10 )
= o
@ PVON
F o5 A
0 :&.mﬁ@
WT KO WT KO WT KO
Naive Papain  Papain
ICold
()
3 . - -
°
°
2 k2
. [EE
° a

Tslp/GAPDH
(fold increase)

04 BGoapmmA
WT KO WT KO WT KO

Naive  Papain Papain
ICold

N
S

o

5

IL-33 (pg/ml)

o

ik
N

<

o

o

°

Papain

WT KO WT KO

Papain
ICold

o

11-33/GAPDH
-4
o

(fold increase)

WT KO WT KO

Papain

Papain
[Cold





OEBPS/Images/fimmu-16-1655919-g001.jpg
3

% 8 3 38

Calls in BALF (x 10¢/m)

F

(fodincrease)

Totalcolls  Macrophagos.

© WT-Papainl Cold
4 KO-Papain/ Cold

ik ity

Lymphocytes

.8

No.ofLC25 (x 10%mi)

s

113 (pgimi)

3

WI_KO WT KO WT KO

ol

WI_KO WI KO WT KO

Papain

ok

I13/GAPDH.

(fodincrease)

+
ES

ird
T

re—"
WIKG WT Ko WT Ko

Navo.

Papain

Papan
Cold

i E1E
e P
—

+
+

7

Papain
1Cold





OEBPS/Images/fimmu-16-1655919-g005.jpg
®)

A)

(aseas0u1 ployj)
oo gioa,
85
ouv
omop
£3
g
o He
®

(oseasu pio))
Hadvoriedy

E
m g3
?‘m
s _% o
g T 2
< & 3T A
= (@se0s0U PIOj) S
HagvodsL g
£
H
S
g
H
(aseosou po)) g
HadvodsL
Pt
8 =
ATt a-
5 3 e
- a
- (oseasoul pioj) £3
(eseasnu! pioj) Hadvo/dsL £ M
HAdvOrdisL

©

©)

T
3
a
&
H
o
2
g
&






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-16-1655919-g006.jpg
(A)

3500
23000
2
§ 2500
£
= 2000
]
& 1500
8
5 1000
E]
- 5001AITC 30 uM
0
0 50 100 150
time (sec)
(8)
25 15
_20 o, _
Te ) o
3 210
E g 15 & o g 8
3 1.0 [+
23 23 05
Tos =
00 0.0
AITC 30 uM £ = + + AITC 30 uM 2
BAPTA-AM 5 uM + BAPTA-AM 5 uM






OEBPS/Images/fimmu-16-1655919-g002.jpg
(A) (B)

s Papainin.
% (25 /40 L)
zz 4 =5 1 3 Evaluation
83 Day 1
©s
3£, [ |
£3 o Cold air exposure
8e
1
G m
o
Nave 3 72n
©
6 L £ 15
33 g
§8 §gn Lo
§ s < fmll] § 5 o
. 217 Nl

WT KO WT KO WT KO WT KO WT KO WT KO WT KO WT KO

Naive Cold  Papain  Papain Naive  Cold  Papain  Papain
ICold ICold






