

[image: image]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-83252-143-4
DOI 10.3389/978-2-83252-143-4

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Mechanisms and advances in respiratory allergic diseases

Topic editors

Bao-Hui Cheng – Longgang ENT Hospital, Institute of ENT and Shenzhen Key Laboratory of ENT, China

Xiaojun Xiao – Shenzhen University, China

Jing Li – First Affiliated Hospital of Guangzhou Medical University, China

Yu Jin – Yale University, United States

Citation

Cheng, B.-H., Xiao, X., Li, J., Jin, Y., eds. (2023). Mechanisms and advances in respiratory allergic diseases. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-83252-143-4

The 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.





Table of Contents




Editorial: Mechanisms and advances in respiratory allergic diseases

Bao-Hui Cheng, Xiaojun Xiao, Yu Jin and Jing Li

Lung Epithelial CYP1 Activity Regulates Aryl Hydrocarbon Receptor Dependent Allergic Airway Inflammation

Francesca Alessandrini, Renske de Jong, Maria Wimmer, Ann-Marie Maier, Isis Fernandez, Miriam Hils, Jeroen T. Buters, Tilo Biedermann, Ulrich M. Zissler, Christian Hoffmann, Julia Esser-von-Bieren, Carsten B. Schmidt-Weber and Caspar Ohnmacht

Type II alveolar epithelial cell aryl hydrocarbon receptor protects against allergic airway inflammation through controlling cell autophagy

Ji Wang, Yilin Zhao, Xin Zhang, Wei Tu, Rongjun Wan, Yingchun Shen, Yan Zhang, Ruchik Trivedi and Peisong Gao

Nano-silica particles synergistically IgE-mediated mast cell activation exacerbating allergic inflammation in mice

Yong-Shi Yang, Meng-Da Cao, An Wang, Qing-Mei Liu, Dan-Xuan Zhu, Ying Zou, Ling-Ling Ma, Min Luo, Yang Shao, Dian-Dou Xu, Ji-Fu Wei and Jin-Lyu Sun

MiR-365-3p is a negative regulator in IL-17-mediated asthmatic inflammation

Weijia Wang, Ying Li, Jiaqi Fan, Xiaoyan Qu, Dong Shang, Qiaohong Qin, Tun Xu, Qutayba Hamid, Xiaomin Dang, Ying Chang and Dan Xu

Identification of pyroptosis-related subtypes and establishment of prognostic model and immune characteristics in asthma

Fan Yang, Tieshan Wang, Peizheng Yan, Wanyang Li, Jingwei Kong, Yuhan Zong, Xiang Chao, Weijie Li, Xiaoshan Zhao and Ji Wang

Clinical and immunological characteristics of Aspergillus fumigatus-sensitized asthma and allergic bronchopulmonary aspergillosis

Hao Chen, Xinyu Zhang, Li Zhu, Nairui An, Qing Jiang, Yaqi Yang, Dongxia Ma, Lin Yang and Rongfei Zhu

Prenatal antibiotics exposure does not influence experimental allergic asthma in mice

Imke Lingel, Adrienne N. Wilburn, Julie Hargis, Jaclyn W. McAlees, Yves Laumonnier, Claire A. Chougnet, Hitesh Deshmukh, Peter König, Ian P. Lewkowich and Inken Schmudde

Reprogramming alternative macrophage polarization by GATM-mediated endogenous creatine synthesis: A potential target for HDM-induced asthma treatment

Li Yu, Lingwei Wang, Guang Hu, Laibin Ren, Chen Qiu, Shun Li, Xiaohui Zhou, Shanze Chen and Rongchang Chen

Monoclonal antibodies in the management of asthma: Dead ends, current status and future perspectives

Grzegorz Kardas, Michał Panek, Piotr Kuna, Piotr Damiański and Maciej Kupczyk





EDITORIAL

published: 28 March 2023

doi: 10.3389/fimmu.2023.1186301

[image: image2]


Editorial: Mechanisms and advances in respiratory allergic diseases


Bao-Hui Cheng 1*, Xiaojun Xiao 2, Yu Jin 3 and Jing Li 4


1 Department of Otolaryngology, Longgang E.N.T Hospital & Shenzhen Key Laboratory of E.N.T, Institute of Ear Nose Throat (E.N.T), Shenzhen, China, 2 Institute of Allergy and Immunology, Health Science Center, Shenzhen University, Shenzhen, China, 3 Department of Pathology, Yale University, New Haven, CT, United States, 4 Department of Allergy and Clinical Immunology, State Key Laboratory of Respiratory Disease, Guangzhou Institute of Respiratory Health, The First Affiliated Hospital of Guangzhou Medical University, Guangzhou, China




Edited and Reviewed by: 

Lucienne Chatenoud, Université Paris Cité, France

*Correspondence: 

Bao-Hui Cheng
 chengbaohui@sina.com

Specialty section: 
 This article was submitted to Immunological Tolerance and Regulation, a section of the journal Frontiers in Immunology


Received: 14 March 2023

Accepted: 22 March 2023

Published: 28 March 2023

Citation:
Cheng B-H, Xiao X, Jin Y and Li J (2023) Editorial: Mechanisms and advances in respiratory allergic diseases. Front. Immunol. 14:1186301. doi: 10.3389/fimmu.2023.1186301



Keywords: allergic asthma, epithelial barrier dysfunction, inorganic particles, Aspergillus fumigatus, microbial dysbiosis


Editorial on the Research Topic


Mechanisms and advances in respiratory allergic diseases


Allergic respiratory diseases (ARD), including asthma, chronic rhinosinusitis and allergic rhinitis, are amongst the most common allergies worldwide and constitute major public health and economic problem for their morbidity and impact on quality of life(1). A substantial documented study has been attributed to unraveling the mechanisms of respiratory allergic and inflammatory diseases, but still, a lot of questions are elusive. New findings in the pathogenesis of ARD which may provide new targets for diagnosis or treatment for ARD.

The lung epithelial barrier serves as a guardian towards environmental insults and responds to allergen encounter with a cascade of immune reactions that can possibly lead to inflammation(2). Epithelial barrier dysfunction is fascinating research area in the initial of allergic inflammation. Alessandrini et al. revealed that CYP1B1 deficiency leads to enhanced expression and activity of CYP1A1 in lung epithelial cells and to an increased availability of the AhR ligand kynurenic acid following allergen challenge. Thus, differential CYP1 family member expression and signaling via the AhR in epithelial cells represents an immunoregulatory layer protecting the lung from exacerbation of allergic airway inflammation. Wang et al. suggested a functional axis of AhR-TGF-β1 that is critical in driving allergic airway inflammation through regulating allergen-induced cellular autophagy. In addition, RNA-seq analysis suggests that autophagy is one of the major pathways and that CALCOCO2/NDP52 and S1009 are major autophagy-associated genes in AT2 cells that may contribute to the AhR-mediated cockroach allergen–induced airway inflammation and, subsequently, ARD.

Allergic respiratory diseases have increased dramatically due to air pollution over the past few decades. However, studies are limited on the effects of inorganic components and particulate matter with different particle sizes in smog on allergic diseases, and the possible molecular mechanism of inducing allergies has not been thoroughly studied. Yang et al. screened four common inorganic mineral elements (Al2O3, TiO2, Fe2O3, and SiO2) smog particles, and only 20 nm SiO2 particles significantly increased β-hexosaminidase release, based on dinitrophenol (DNP)-human serum albumin (HSA) stimulation, from IgE-sensitized mast cells. Yang et al. indicated that nano-SiO2 particles stimulation might synergistically activate IgE-sensitized mast cells by enhancing the MAPK signaling pathway and that nano-SiO2 particles exposure could exacerbate allergic inflammation.

As a common airborne allergen that contributes to allergic asthma, Aspergillus fumigatus (A.f) can colonize in the airway and lead to allergic bronchopulmonary aspergillosis (ABPA)(3). The pathogenesis of A.f-sensitized asthma and ABPA remains inadequate. Chen et al. suggested the distinct humoral and cell immunological responses in A.f-sensitized asthma and ABPA patients. ABPA patients have more severe eosinophilic inflammation and enhanced Th1 responses compared with A.f-sensitized asthma patients. Wang et al. supported the notion that miR-365-3p, which was diminished by IL-17 in murine and human asthmatic pathogenesis, functioned as an essential negative mediator in IL-17-stimuated inflammatory response by targeting ARRB2, which would shed new light to the understanding and therapeutics thereof of asthmatic inflammation.

Changes in microbiome (dysbiosis) contribute to severity of allergic asthma(4). Preexisting epidemiological studies in humans correlate perinatal dysbiosis with increased long-term asthma severity(5). However, these studies cannot discriminate between prenatal and postnatal effects of dysbiosis and suffer from a high variability of dysbiotic causes ranging from antibiotic treatment, delivery by caesarian section to early-life breastfeeding practices. Given that maternal antibiotic exposure in mice increases the risk of newborn bacterial pneumonia in offspring, Lingel et al. revealed that prenatally induced dysbiosis in mice led to an increase in pulmonary Th17+ non-conventional T cells with limited functional effect on airway resistance, pro-asthmatic Th2/Th17 cytokine production, pulmonary localization and cell-cell contacts. These data indicate that dysbiosis-related immune-modulation with long-term effects on asthma development occurs to a lesser extent prenatally and will allow to focus future studies on more decisive postnatal timeframes.

Pyroptosis and its mediated immune phenotype are crucial in the occurrence, development, and prognosis of asthma. Yang et al. demonstrated that BNIP3 was identified as a diagnostic marker and associated with immune cell infiltration such as, M2 macrophages. Small molecules obtained from the cMAP database that may have therapeutic effects on asthma are mainly DPP4 inhibitors. Yu et al. uncovered a previously uncharacterized role for the de novo creatine biosynthesis enzyme GATM in M2 macrophage polarization, which may be involved in the pathogenesis of related inflammatory diseases such as an T helper 2 (Th2)-associated allergic asthma. Kardas et al. summarized recent data on existing and potential monoclonal antibodies in asthma. Recent advances have resulted in the registration of a new antibody targeting TSLP (tezepelumab), with others being under development. In addition, as available monoclonal antibody treatments have shown little benefit among patients with T2-low asthma, research continues in this area, with several antibodies in development.
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The lung epithelial barrier serves as a guardian towards environmental insults and responds to allergen encounter with a cascade of immune reactions that can possibly lead to inflammation. Whether the environmental sensor aryl hydrocarbon receptor (AhR) together with its downstream targets cytochrome P450 (CYP1) family members contribute to the regulation of allergic airway inflammation remains unexplored. By employing knockout mice for AhR and for single CYP1 family members, we found that AhR-/- and CYP1B1-/- but not CYP1A1-/- or CYP1A2-/- animals display enhanced allergic airway inflammation compared to WT. Expression analysis, immunofluorescence staining of murine and human lung sections and bone marrow chimeras suggest an important role of CYP1B1 in non-hematopoietic lung epithelial cells to prevent exacerbation of allergic airway inflammation. Transcriptional analysis of murine and human lung epithelial cells indicates a functional link of AhR to barrier protection/inflammatory mediator signaling upon allergen challenge. In contrast, CYP1B1 deficiency leads to enhanced expression and activity of CYP1A1 in lung epithelial cells and to an increased availability of the AhR ligand kynurenic acid following allergen challenge. Thus, differential CYP1 family member expression and signaling via the AhR in epithelial cells represents an immunoregulatory layer protecting the lung from exacerbation of allergic airway inflammation.
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Introduction

The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor used by immune cells and non-hematopoietic cells to sense the environment and adapt to physiological processes particularly at and within barrier sites such as the skin, the gut or the lung (1). Upon ligand binding, cytoplasmic AhR translocates to the nucleus to regulate gene transcription either alone or in a complex with other transcription factors. The AhR thereby acts as an intracellular sensor, which is able to respond to a variety of organic compounds including xenobiotics and tryptophane metabolites both from the host and from microbial/dietary sources. Interestingly, knockout of the AhR or deprivation of AhR ligands has been shown to alter the proper function of the immune system, particularly intestinal type 3 immunity including Th17 cells, innate lymphoid cells type (ILC)3 and a subset of intraepithelial cells (2–5).

In the context of allergic diseases, ablation of the AhR has been shown to increase the severity of allergic inflammation, indicating a rather protective role of the AhR in these settings (6–11). In fact, the AhR agonist Tranilast has been successfully employed as anti-allergic drug (12–14). Noteworthy, the AhR also regulates ILC2 activity (15), immunogenicity of dendritic cells (16), macrophage polarization towards a M2 phenotype via mesenchymal cells (17) and class-switch recombination as well as IL-10 expression in B cells (18, 19). Mechanistically, activation of the AhR typically results in upregulation of the cytochrome P450 (CYP1) members cyp1a1, cyp1a2 and cyp1b1 (1). CYP enzymes are monooxygenases that catalyze various reactions involved in drug metabolism, synthesis of cholesterol, steroids and other lipids. Importantly, a polymorphism in the CYP1B1 gene has been linked to enhanced risk of bronchial asthma (20). However, whether and how AhR activity and particularly individual cytochrome P450 members play a role in allergic airway inflammation (AAI) has not been addressed so far.

Therefore, we investigated whether knockout of AhR and individual CYP1 family members differentially impact AAI in murine model systems using clinically-relevant, naturally occurring aeroallergens. We show that AhR and CYP1B1 but not CYP1A1 or CYP1A2 deficiency leads to disease exacerbation in preclinical models of AAI. We further show that airway epithelial cells (ECs) express high levels of CYP1B1 and CY1B1 expression in non-hematopoietic cells is required for protection from exacerbated AAI. AhR deficiency results in alteration of gene expression profiles in primary airway ECs at steady state and even more following AAI, but CYP1B1 deficiency did not. We identified enhanced CYP1A1 activity in CYP1B1-/- ECs and altered tryptophane (Trp) metabolite levels as a possible mechanism responsible for the AAI-potentiating effects observed in CYP1B1-/- animals. This work reveals a novel protective role of AhR signaling in airway ECs, which may have the potential to serve as a novel target for therapy of allergic asthma.



Results


AhR and CYP1B1 Deficiency Aggravates Ragweed-Induced Allergic Airway Inflammation

To assess the role of AhR signaling and cytochrome P450 enzymes in AAI, we sensitized AhR-/-, CYP1A1-/-, CYP1A2-/- and CYP1B1-/- mice to ragweed extract as depicted in Figure 1A. Although the overall detection of serum immunoglobulins was very modest, CYP1B1-/- animals showed a significant increase at the endpoint in total IgE compared to WT (Figure 1B; left panel) and Amb a 1-specific IgG1 level compared to PBS, WT and CYP1A2-/- (Figure 1B; right panel). A tendency towards increased IgE and Amb a 1-specific IgG1 levels was observed also for AhR-/- mice albeit not reaching significance (Figure 1B). Enhanced BAL cell infiltration could be observed in AhR-/- and CYP1B1-/- compared to PBS and WT but not to CYP1A1-/- and CYP1A2-/- animals (Figure 1C). Differential cell counts revealed that this effect was predominantly due to enhanced infiltration of eosinophils, lymphocytes and macrophages into the bronchoalveolar space (Figure 1C). Additionally, CYP1B1-/- animals revealed enhanced frequencies of Gata3+Foxp3− T helper (Th2) cells in lung tissue compared to PBS, WT, AhR-/- and CYP1A1-/- (Figure 1D). Gene expression analysis of key Th1/Th2-associated cytokines and CCL11 in lung tissue revealed a tendency for increased IL-4 expression in AhR-/- and CYP1B1-/- animals, but overall, no significant differences were detected between the investigated genotypes (Figure 1E). Histological analysis of lung tissue showed strongest inflammatory infiltration and mucus hypersecretion in AhR-/- - and CYP1B1-/- animals, although significantly only compared to PBS and not to WT or to other genotypes (Figure 1F). Altogether, these results demonstrate that AhR-/- and CYP1B1-/- animals suffer from a stronger AAI upon chronic exposure to ragweed extract compared to WT and to the other investigated genotypes.




Figure 1 | AhR and CYP1B1 deficiency aggravates pollen-induced allergic airway inflammation. (A) Experimental setup. Mice of indicated genotypes were exposed for five weeks to RWE extract. Wildtype mice exposed to PBS served as negative controls (PBS). (B) Total IgE (left) and Amb a 1-specific IgG1 (right) at day 0 and endpoint. (C) Total and differential BAL cell counts, (D) Th2 cell frequency, (E) CCL11, IL-4, IL-13, IFN-γ expression in whole lung tissue and (F) histological scores (left) and representative lung sections (right). Arrows: inflammatory infiltrate; arrowheads: mucus hypersecretion; scale bar: 100µm. Mean ± SEM, n=6-21 mice/group from up to 3 independent experiments. Histological scores: mean ± SD, (n=5). ANOVA with Tukey’s multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.





AhR and CYP1B1 Deficiency Aggravates House Dust Mite-Induced Allergic Airway Inflammation

In order to assess the allergen specificity of our finding in the ragweed model, we next exposed WT, AhR-/- and CYP1B1-/- animals to HDM-induced AAI (Figure 2A). Here, a more pronounced increase of total serum IgE and a significant increase of Der f specific IgG1 was found both in AhR-/- and CYP1B1-/- compared to WT mice (Figures 2B, G). Further, we found enhanced lung cellular infiltration in the BALF of AhR-/- and CYP1B1-/- animals predominantly due to eosinophils and lymphocytes and macrophages (Figures 2C, H). No difference in BALF neutrophils was detected (data not shown). In contrast, increased frequencies of Th2 cells could be observed in lung tissue of both genotypes compared to WT (Figures 2D, I). AhR-/- mice showed three- to fourfold higher levels of IL-4 and IL-13 as well as of CCL11 in lung tissue and a slight increase of IL-17A, whereas CYP1B1-/- mice showed only slightly elevated expression of IL-4, a strong increase of IL-17A and no variations in CCL11 and IL-13 compared to WT (Figures 2E, J). Importantly, HDM has been shown to elicit a mixed Th2/Th17 response (21) and elevated IL-17A underline enhanced inflammation. IFN-γ levels were not affected in either genotype (data not shown). Lastly, histological analysis of HDM-exposed lungs revealed enhanced peribronchiolar and perivascular infiltration and mucus hypersecretion in both AhR-/- and CYP1B1-/- animals compared to WT (Figures 2F, K).




Figure 2 | AhR and CYP1B1 deficiency aggravates HDM-induced allergic airway inflammation. (A) Experimental setup. AhR-/- (left) and CYP1B1-/- (right) were exposed to house dust mite (HDM) as indicated. (B, G) Total IgE (left) and Der f-specific IgG1 (right) at endpoint. (C, H) Total and differential BAL cell counts, (D, I) Th2 cell frequency, (E, J) CCL11, IL-4, IL-13, IL-17A mRNA levels in whole lung tissue, (F, K) histological scores (left) and representative lung sections (right) at endpoint in AhR-/- and CYP1B1-/-, respectively. Arrows: inflammatory infiltrate; arrowheads: mucus hypersecretion; scale bar: 100µm. Mean ± SEM, n=5-10 mice/group/experiment from 2 independent experiments. Histological scores: mean ± SD, (n=5). Student’s unpaired two-tailed t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



Altogether our in vivo data from two different adjuvant-free AAI models indicate that both AhR and its downstream target CYP1B1 are essential to prevent excessive AAI in a non-allergen-specific manner.



CYP1B1 Is Primarily Expressed in Airway Epithelial Cells

Given the selective effect of CYP1B1expression on the allergic inflammatory response, we then aimed to identify the cell type(s) that primarily express CYP1B1 in the lung and to evaluate if our results can be translated to human. Therefore, we first separated hematopoietic (CD45+) and non-hematopoietic (CD45− cells) from the lungs of naïve WT, AhR-/- and CYP1B1-/- animals. Strikingly, non-hematopoietic WT lung cells expressed roughly 100-200 times higher levels of CYP1B1 compared to hematopoietic cells at baseline (Figure 3A). Interestingly, CYP1B1 expression was not affected by the absence of AhR (Figure 3A) suggesting a basal CYP1B1 expression independent of AhR activity. Immunofluorescence staining of murine lung tissue showed that CYP1B1 stained within bronchial epithelial cells (EC), similarly in control and allergic animals (Figure 3B). Also, in human lung sections, CYP1B1 stained bronchial ECs (Figure 3C). In contrast, CYP1B1 did not stain alveolar ECs in mouse or human lung sections (Figures 3B, C). These data are in line with single cell expression data demonstrating CYP1B1 but not CYP1A1 or CYP1A2 expression across different subsets of human lung epithelial and fibroblastic cells (Supplementary Figure S1). By contrast, AhR expression was found in both epithelial and hematopoietic human lung cells irrespective of an asthma background (Supplementary Figure S2).




Figure 3 | Non-hematopoietic lung cells express CYP1B1. (A) CYP1B1 expression in CD45− relative to CD45+ lung cells from WT, AhR-/- and CYP1B1-/- mice. Mean ± SEM of 2-6 mice/group. (B) Immune fluorescence staining of PBS- and HDM-challenged WT lungs or (C) human lung sections. Red: CYP1B1, Green: CC10, Blue: DAPI. Scale bar: 50μm or 20μm (insets). (D) NHBEs were stimulated for 6h with HDM extract (40µg/mL) in the presence of the AhR inhibitor CH-223191 (1µM/mL), IL-4 (50 ng/mL) or a combination of both. Results display top 25 upregulated and top 10 downregulated DEGs identified in the IL-4- and CH-223191-treated group relative to HDM only (center). These DEGs are also shown in NHBEs treated solely with IL-4 (left) or CH-223191 (right), respectively. Mean fold change of 4 independent donors NHBE, normal human bronchial epithelial cell.



To assess whether human lung ECs are directly regulated by AhR signaling, normal human bronchial epithelial cells (NHBE) were stimulated for 24 h with HDM in the presence of IL-4 (to mimic an ‘allergic’ status), an AhR inhibitor or the combination of both. As expected, microarray analysis revealed a strong effect of HDM exposure compared to non-exposed cells (not shown). Whereas IL-4 strongly stimulated the expression of typical pro-allergic genes such as CCL26 or IL13R2 and interestingly also AHR (Figure 3D and Supplementary Table S3), AhR inhibition led to a more drastic change in differentially expressed genes (DEGs) compared to IL-4 (Supplementary Table S3). We then focused the analysis on the DEGs mostly altered solely by the inhibition of AhR during HDM exposure. As expected, inhibition of AhR led to downregulation of the AhR target genes CYP1A1 and CYP1B1 irrespective of whether IL-4 was present or not. Noteworthy, the inhibition of AhR lead to a strong upregulation of genes critical for allergic tissue inflammation, e.g. cell recruitment (CX3CL1), barrier integrity/protection (ITGB3, PIGR), antigen presentation (HLA-DRA, HLA-DMB), Th2 differentiation (IL19) and lipid mediator synthesis (ALOX15) (Figure 3D and Supplementary Table S3).

Thus, bronchial ECs seem to be the major CYP1B1-expressing cell type in murine and human lung. Furthermore, AhR activity in allergen-exposed NHBEs regulates a number of genes associated to AAI.



Non-Hematopoietic Expression of CYP1B1 Protects From Exacerbation of HDM-Induced Allergic Airway Inflammation

Given the predominant expression of CYP1B1 in mouse and human bronchial ECs, we then investigated whether non-hematopoietic expression of CYP1B1 is sufficient to prevent exacerbation of AAI. To this end, we generated CYP1B1-/- and WT bone marrow chimeras (Figure 4A) and sensitized them to HDM, as depicted in Figure 2A. Strikingly, only CYP1B1-/- chimeras with WT hematopoietic cells mirrored previously detected parameters of elevated AAI in full CYP1B1-/- mice, including serum immunoglobulin response (Figure 4B), BAL total cell numbers, particularly eosinophils and lymphocytes (Figure 4C), lung-resident Th2 cells (Figure 4D), IL-4 and IL-17A in BALF (Figure 4E) and histological scores in lung sections (Figure 4F). Conversely, WT chimeras with CYP1B1-/- hematopoietic cells showed much milder symptoms of AAI. Thus, CYP1B1 expression in non-hematopoietic cells is primarily responsible to prevent exaggerated AAI after exposure to HDM.




Figure 4 | Non-hematopoietic CYP1B1 expression prevents exacerbation of HDM-induced allergic airway inflammation. (A) Schematic representation of the generation of WT and CYP1B1-/- bone marrow chimeras, which were subsequently treated with HDM or PBS (setup Figure 2A). (B) Total IgE (left) and Der f-specific IgG1 (right) at endpoint. (C) Total and differential BAL cell counts, (D) Th2 cell frequency, (E) IL-4, IL-13, IFN-γ, IL-22, IL-17A protein levels in whole lung tissue, (F) histological scores (left) and representative lung sections (right). Arrows: inflammatory infiltrate; arrowheads: mucus hypersecretion; scale bar: 100µm. Mean ± SEM, n=4-13 mice/group from 2 independent experiments. Histological scores: mean ± SD, (n=5). ANOVA with Tukey’s multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.





Transcriptional Comparison Indicates AhR- but Not CYP1B1-Dependent Regulation of Bronchial Epithelial Cells

To get a deeper insight into the molecular mechanism responsible for AhR- and CYP1B1-dependent effects, we performed RNA sequencing of sort-purified primary lung ECs (CD45−CD31−EpCAM+live+) at steady state and after HDM-elicited-AAI. The analysis of the number of DEGs in AhR-/- and CYP1B1-/- relatively to WT showed a stronger impact of the deficiency of AhR compared to CYP1B1 in gene regulation, especially following HDM exposure (Figure 5A). In fact, at steady state, we detected only few DEGs between WT and AhR-deficient ECs. Interestingly, some of these genes have been linked to regulation of circadian clock (Nr1d1, Nr1d2, Cry1) (Figure 5B). Following HDM-induced allergy, ECs from AhR-/- showed a strongly altered gene expression profile, contrarily to CYP1B1-/-, which showed only low DEGs compared to WT with and none without allergy (Figure 5B and Supplementary Table S4). KEGG pathway analysis revealed an overall upregulation of genes involved in cell-to-cell contact and TGF-β signaling whereas genes associated to pattern recognition (TLR-like and NOD-like receptor signaling), chemokine receptor signaling and JAK-STAT signaling pathway were overall downregulated (Figure 5C and Supplementary Table S5). Overall, these data indicate that AhR, but not CYP1B1, is a major transcriptional regulator of ECs function, particularly after exposure to aeroallergens.




Figure 5 | AhR regulates gene expression in airway epithelial cells of sensitized mice. (A) Total DEGs in AhR-/- and CYP1B1-/- epithelial cells (EC) relatively to WT from untreated or allergic (HDM) mice. (B, C) RNAseq analysis of sort-purified EC (CD45−CD31−EpCAM+live+) of AhR-/- and CYP1B1-/- mice (B) Heatmap of all genes differently expressed in AhR-/- or CYP1B1-/- versus WT EC at steady state and their expression in HDM-exposed animals. *p < 0.05, **p < 0.01, ***p < 0.001. (C) KEGG pathway analysis of DEGs between AhR and WT EC of HDM-exposed animals. Only pathways with at least 5 DEGs are shown.





Absence of CYP1B1 Leads to Enhanced Transcription and Activity of CYP1A1 and to Altered Tryptophane Metabolites Levels

Our results indicating a non-transcriptional effect of CYP1B1 deficiency in ECs prompted us to investigate underlying mechanisms responsible for the enhanced allergic phenotype in CYP1B1-/- mice. Since artificial overexpression of CYP1A1 is known to limit availability of AhR agonists in vivo (5), we measured the expression of CYP1A1 in the absence of CYP1B1. Interestingly, lung tissue of CYP1B1-/- animals showed higher CYP1A1 expression levels compared to WT both at steady state and in tendency also following RWE-induced AAI, whereas CYP1A1 was not detected in AhR-/- or CYP1A1-/- lung tissue (Figures 6A, B). Similarly, higher CYP1A1 expression compared to WT could be observed in CYP1B1-/- lung tissue following HDM-induced AAI (Figure 6C). Notably, this effect was even more pronounced in purified non-hematopoietic (CD45−) cells from HDM-allergic lungs with a roughly 20-fold higher CYP1A1 expression in the absence of CYP1B1 (Figure 6D).




Figure 6 | Functional consequences of CYP1B1 deficiency in airway epithelial cells. CYP1A1 expression in total lung tissue from mice either (A) untreated, (B) sensitized to RWE, or (C) sensitized to HDM. (D) CYP1A1 expression in CD45- cells isolated from HDM-sensitized mice of indicated genotypes. (E, F) EROD assay in total lung homogenates of indicated genotypes after 24 hour stimulation with HDM (10μg/ml) (E) or FICZ (10nM) (F). (G) EROD assay and (H) CYP1A1 expression of murine MTEC of the indicated genotypes after 24 hour stimulation with HDM (10μg/ml) or FICZ (10nM). Mean ± SEM of 4-20/group/condition [n=2 for CYP1A1-/- and CYP1A2-/-, (A)]. (I) Targeted LC-MS/MS measurement of tryptophane, kynurenine and kynurenic acid in lung homogenates of the indicated genotype with or without AAI. Mean ± SD; n=5/group/treatment. MTEC, mouse tracheobronchial epithelial cells. Student’s unpaired two-tailed t-test with Welch’s correction. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



To assess whether the HDM extract used for sensitization directly activates the AhR in ECs, we stimulated lung homogenates from all investigated genotypes with HDM extract or with the prototypical AhR ligand FICZ and compared the resulting EROD activity. HDM induced a slight, yet non-significant increase of EROD activity only in CYP1B1-/- animals compared to WT (Figure 6E). In contrast, FICZ induced EROD activity indistinctively in WT and CYP1B1-/- but not in all other genotypes (Figure 6F). As CYP1B1 was predominantly expressed in ECs (Figure 3), we measured EROD activity in primary murine tracheobronchial ECs (MTECs). Here, HDM did not elicit EROD activity in any background, whereas FICZ induced highest EROD activity in CYP1B1-/- compared to WT, but not in AhR-/- MTECs (Figure 6G). As expected, baseline CYP1A1 expression was higher in CYP1B1-/- MTEC cultures compared to WT and further increased following FICZ stimulation (Figure 6H). Since the HDM extract used for sensitization lacked AhR activation properties, we investigated whether endogenously produced AhR ligands would be affected by a disrupted AhR-CYP1 axis. Therefore, the endogenous AhR ligands of the Trp pathway kynurenine (Kyn) and kynurenine acid (KynA) (22, 23) were measured in lung homogenates at steady state and following AAI. Interestingly, Kyn levels increased in WT and CYP1B1-/- lung cells after AAI while this did not reach significance for AhR-/- (Figure 6I). In contrast, KynA levels decreased after AAI in lungs of WT mice, but not in AhR-/- nor in CYP1B1-/- lungs (Figure 6I). In summary, these results point towards a cross-regulation of different CYP1 family members in bronchial ECs and to the employment of selective endogenous AhR ligands in regulating AhR activity in lung tissue following HDM-induced AAI.




Discussion

Here, we provide evidence of an important role of the AhR-CYP1 axes in preventing exacerbation of AAI using two adjuvant-free murine models with clinically-relevant aeroallergens. In fact, ablation of the AhR as well as of the immediate AhR response-gene CYP1B1 resulted both in enhanced AAI upon exposure to both RWE and HDM, as characterized by serum immunoglobulins, lung inflammatory cell infiltration and mucus hypersecretion. Our results confirm a recent study showing enhanced AAI and remodeling in an ovalbumin-induced chronic asthma model using AhR-/- compared to WT mice (10) and complete the picture adding the role of the CYP1 gene family. Whether a similar mechanism is present in humans remains to be elucidated. Still, CYP1B1 expression was clearly confined to bronchial and bronchiolar ECs in mouse and human, in line with early reports showing upregulation of CYP1B1 expression upon exposure to AhR ligands within club cells of peripheral airways (24, 25). Besides the well-known upregulation of CYP1B1 in an AhR-dependent manner, we also found basal CYP1B1 expression independent of AhR (Figure 3A) which has also been reported earlier in different settings (26, 27). Thus, we suggest that CYP1B1 is most likely active in steady state conditions but inflammation may potentiate CYP1B1 (and CYP1A1) expression and activity in an AhR-dependent manner.

Functionally, we demonstrate that a well-balanced AhR-CYP1 activity in non-hematopoietic cells is decisive in the protection from disease exacerbation, as only CYP1B1-/- chimeras with WT hematopoietic cells reproduced the previously detected parameters of elevated AAI in full CYP1B1-/- mice. As opposed to CYP1B1, we did not observe any consistent effect of CYP1A1 nor CYP1A2 deficiency in AAI, conforming to their low expression in bronchial ECs (Figure S1). Noteworthy, previous studies have already suggested a protective role of AhR in skin and intestinal inflammatory disorders (6, 8, 28). Interestingly, immune regulation in the skin has been associated to AhR activity in non-hematopoietic cells, presumably keratinocytes (6), confirming the critical role of AhR in epithelium as an interface between environment and mucosal immunity.

What is the consequence of the paucity of AhR signaling in lung epithelial cells?

Our transcriptional analysis of primary lung epithelial cells from non-allergic mice revealed only relatively few differentially expressed genes in the absence of AhR signaling and almost none in the absence of CYP1B1. Surprisingly, the majority of these AhR-dependent genes indicates a deregulation of the peripheral circadian clock. Interestingly, some key effector cells in allergy, such as mast cells, show circadian regulation patterns (29) and ablation of circadian clock genes in lung ECs has been shown to aggravate inflammation (30, 31). Whether disruption of peripheral circadian clock networks has a functional impact in our model should be matter of future investigations. In contrast to the relatively few DEGs found in airway ECs from AhR-/- mice at steady-state, we identified strong differences in gene expression of airway ECs from AhR-/- but not CYP1B1-/- animals following HDM exposure. Pathway analysis of these DEGs revealed a role for AhR to ensure epithelial barrier function, limit TGF-β receptor signaling and regulate a number of pathways associated to pattern recognition receptor or cytokine/chemokine signaling (32, 33). Some of these pathways may not be regulated directly by the AhR, but are rather a consequence of the enhanced AAI observed in AhR-/- mice. As this analysis did not detect differential expression of typical cytokines associated with epithelial cell activation (e.g. Il33 or IL1B, Supplementary Table S4) future work aiming to investigate the role of the AhR for barrier integrity of epithelial cells (34) should focus on earlier time points and employ conditional knockout approaches. On the other hand, the lack of DEGs in ECs from healthy and allergic CYP1B1-/- animals, despite the enhanced AAI similar to AhR-/-, suggests that CYP1B1 deficiency in airway ECs affects hematopoietic cell types by other means. To investigate the mechanism responsible for the key role of CYP1B1 in airway ECs, we first assessed the expression of CYP1A1 in the absence of CYP1B1. As our results indicate enhanced activity of CYP1A1 in lung epithelial cells in the absence of CYP1B1, they point towards a cross regulation of CYP1 family members in lung ECs. This finding is in line with earlier studies showing that lungs and livers of CYP1B1-/- animals stimulated with carcinogenic agents had elevated levels of CYP1A1 expression (35, 36).

As aeroallergens typically interact with the epithelium as particles containing multiple molecules, we also tested whether HDM extracts were able to activate the AhR pathway directly, but did not find functionally relevant quantities of AhR ligands in HDM extracts able to activate WT cells. This suggests that naturally occurring activating ligands of AhR, e.g. of the Trp pathway generated through either Ido1 or IL4i1 activity (37, 38), may be sufficient for AhR-dependent regulation of AAI. To test this hypothesis, we conducted a targeted metabolomics approach to quantify key endogenous AhR ligands of the Trp pathway in lung tissue of WT compared to AhR- and CYP1B1-deficient mice at steady state and following HDM-driven AAI. Interestingly, in WT and CYP1B1-/- lungs, but not in AhR-/-, levels of the AhR ligand Kyn increased after AAI. As AhR expression in lung ECs is directly induced by IL-4 signaling [Supplementary Table S3 and (39, 40)], enhanced AhR activity during AAI, fueled with endogenous ligands, may serve as a feedback loop to protect airway ECs from excessive inflammation (16, 41).

Moreover, contrarily to Kyn, the levels of the acid form KynA decreased in WT after AAI. A plausible explanation for this observation could be the preferential use of KynA for AhR-dependent regulation of AAI in vivo, as KynA has a higher affinity to AhR compared to Kyn (22). Interestingly, KynA levels remained high in lungs of CYP1B1-/- and AhR-/- mice after AAI. In our study we focused on the two most relevant AhR ligands but further studies should assess the role of additional host-intrinsic AhR ligands. Degradation of AhR ligands by excessive CYP1A1 activity has already been identified previously as an important feedback mechanism to negatively regulate activity and duration of AhR signaling and can therefore functionally mimic AhR deficiency in the intestinal tract (5). Thus, enhanced CYP1A1 activity in the absence of CYP1B1 may explain a comparable defect of immune regulation in AhR-/- and CYP1B1-/- animals upon repetitive contact with aeroallergens. Indeed, the activity of individual CYP1 members are able to differentially modulate the availability of local AhR ligands thereby regulating AhR activity in hematopoietic cells (see Supplementary Figure S2) such as ILC2s or macrophages, known players in AAI expressing AhR (15), in analogy to a similar scenario recently proposed for intestinal ECs and skin keratinocytes (5, 42).

In summary, this work extends a role of the AhR in the regulation of lung non-hematopoietic cells. Moreover, it suggests that balanced AhR/CYP1 activity within ECs represents an important layer of immune regulation necessary to prevent exacerbation of allergic responses in the lung and offers novel possibilities for tailor-made strategies in immune regulation at barrier sites.



Methods


Mice and Human Samples

The following genotypes were used: C57BL/6 wildtype (WT), and AhR-/- (43), CYP1A1-/- (44), CYP1A2-/- (45) and CYP1B1-/- (35), all backcrossed to C57BL/6. All mice were bred and kept under specific pathogen-free conditions in individually ventilated cages at the central animal facility of Helmholtz Center Munich. Mice were kept in autoclaved, individually ventilated cages (501 cm², IVCs) with stocking density according to the EU guideline 2010/63 with a 12 hour dark/light cycle. Each cage was supplied with autoclaved bedding, bite sticks, nestles and mouse houses. Standard diet (Altromin Spezialfutter GmbH & Co. KG, Lage, Germany) and water were provided ad libitum. Cage manipulation took place in laminar flow hoods. Air temperature was 22 ± 2°C and humidity 55 ± 10% with daily control and record. Occasionally, C57BL/6 wildtype animals were bought from Charles River (Sulzfeld, Germany). In this case, mice were allowed to acclimatize for at least one week before sensitization. Both male and female mice over the age of 7 weeks were used.

For the generation of bone marrow chimeras, recipient mice were lethally irradiated by a Co-60 source with two doses of 6 Gray 4 h apart. Irradiated mice were reconstituted with 8 × 106 purified bone marrow cells of respective donors by i.v. injection. After reconstitution, mice received 0.25 mg/ml Enrofloxacin (Baytril; Bayer Vital GmbH) in drinking water for 3 weeks. Mice were maintained for 10-12 weeks to allow replacement of the hematopoietic system before allergen sensitization protocols were applied.

Experiments were performed on age- and sex-matched animals kept in the same rack, according to the European Convention for Animal Care and Use of Laboratory Animals and were approved by local ethics committee and government authorities (ROB-55-2-2532.Vet_02-18-94 and 55.2-1-54-2532-156-12). Human samples were obtained from the BioArchive of the Comprehensive Pneumology Center Munich. All patients gave written informed consent and the study was approved by local ethics committee of the Ludwig-Maximilians University of Munich, Germany (number 19-630).



Preparation of Ragweed and House Dust Mite Extracts

Aqueous ragweed pollen extracts (RWE) were prepared as previously described (46). Briefly, ragweed pollen were suspended in PBS (2.5 mg/ml), incubated for 30 min at 37°C and then centrifuged for 10 min at 4000 rpm by 4°C. The supernatants were sterile filtered through a 0.22 µm syringe filter (Merck KGaA, Darmstadt, Germany) and frozen at -80°C. House dust mite extracts from Dermatophagoides farinae (Stallergene Greer Laboratories, Kamp-Lintfort, Germany and Citeq BV, Groningen, NL) were suspended in 9% NaCl (1 mg/ml) and stored at -20°C until use. The final solution for intranasal instillation was prepared in PBS.



Mouse Models of Allergic Airway Inflammation

For the ragweed model, a sensitization protocol previously established in BALB/c mice (46) was adapted to C57BL/6. In short, mice received bilateral intranasal (i.n.) instillations of ragweed pollen extract (RWE) (20 mg/ml; 10 µl/nostril) once a day for a total of 23 days in 5 consecutive weeks. For the HDM model, mice were sensitized once by bilateral i.n. instillations of house dust mite extract of Dermatophagoides farinae (HDM) (50 µg/ml; 10 µl/nostril) (Stallergene Greer Laboratories, Kamp-Lintfort, Germany and Citeq BV, Groningen, NL). After eight days, mice were challenged with HDM (500 µg/ml; 10 µl/nostril) for 4 consecutive days. Control animals of both protocols received same amounts of PBS. Weight was monitored throughout the whole experiment. Mice were sacrificed either 24 or 72 h after the last instillation for the RWE or HDM protocol, respectively. After recovery of serum and bronchoalveolar lavage fluid (BALF) (46), lung tissue was prepared for histology, immunofluorescence, real-time PCR or FACS analysis. Non-lavaged lungs were used for characterization of non-hematopoietic cells by immunomagnetic- or flow cytometry-based cell separation, real-time PCR and metabolite analysis.



Analysis of Plasma Immunoglobulins

Plasma samples were prepared from blood taken prior to sensitization (day 0) and at sacrifice (endpoint). Total IgE and RWE-specific IgG1 were measured as previously described (46). For the detection of Dermatophagoides farinae (Der-f)-specific IgG1, 96-well plated were coated with goat anti-mouse IgG1 (CITEQ Biologics, Groningen, Netherlands) and mouse plasma was added. Subsequently, samples were incubated with biotinylated Der-f (CITEQ), avidin-horseradish peroxidase (Biolegend, San Diego, CA, USA), tetramethylbenzidine (ThermoFisher Scientific, Rockford, IL, USA) and read at 450 nm according to the manufacturer’s instructions.



Analysis of Bronchoalveolar Lavage and Lung Histology

BAL and evaluation of inflammatory cell infiltration were performed as described previously (46). Aliquots of cell-free BAL fluid were used to measure cytokines using a Multiplex-bead-array (Mouse ProcartaPlex, Thermo Fisher Scientific, Waltham, MA, USA) according to manufacturer’s instructions. For lung histology, after BAL, the lungs were excised and the left lobe fixed in 4% buffered formalin and embedded in paraffin. Sections of 4µm thickness were stained with hematoxylin-eosin (H&E) and periodic acid Schiff (PAS). Mucus hypersecretion and inflammatory cell infiltration were graded in a blinded fashion on a scale from 0 to 4 (0=none, 1=mild, 2=moderate, 3=marked, 4=severe), reflecting the degree of the pathological alteration (47).



Immunofluorescence

Immunofluorescence staining was performed on mouse and human lung tissue embedded in paraffin. Slides were deparaffinized overnight at 60°C and rehydrated in a graded series of ethanol and distilled water. For antigen retrieval the slides were immersed in citrate buffer solution (pH 6.0) and placed into a Decloaking Chamber heated up to 125°C (30 seconds), 90°C (10 seconds), and cooled down to room temperature. Following a washing step in Tris buffer, blocking with 5% BSA in Tris buffer, the slides were double-stained with CYP1B1 rabbit polyclonal (aa400-450) antibody (LS-B1790, LifeSpan BioSciences, Inc., Seattle, WA, USA) and CC10 mouse monoclonal antibody (E-11) (sc-365992, Santa Cruz Biotechnology, Inc., Dallas, TX, USA). The primary antibodies were diluted in antibody diluent (Zytomed Systems, Berlin, Germany), CYP1B1 (1:50) and CC10 (1:100). For isotype control, rabbit IgG (sc-3888, Santa Cruz Biotechnology, Inc.) and mouse IgG1 kappa isotype control (16-4714-82, Invitrogen, Carlsbad, CA, USA) were used. The staining with the primary antibody occurred overnight in a wet chamber at 4°C. After rinsing in Tris buffer, a 1:250 dilution of each secondary antibody (Alexa Fluor 488 donkey anti-mouse and Alexa Fluor 568 donkey anti-rabbit, respectively for CYP1B1 and CC10 antibodies, Thermo Fisher Scientific), as well as DAPI (Sigma-Aldrich; St Louis, MO, USA, 1:2000) was applied to the slides and incubated 1 hour at room temperature in the dark. After rinsing again in Tris buffer, the slides were mounted in Fluorescence Mounting Medium (Dako, Hamburg, Germany). Images of the sections were obtained using Axiovert II (Carl Zeiss) and processed using the ZEN 3.2 software (blue edition, Carl Zeiss).



Flow Cytometry of Murine Lungs

After sacrifice, lungs were perfused with PBS, minced and digested in RPMI 1640 (Gibco, Life Technologies GmbH, Darmstadt, Germany) containing 1 mg/ml collagenase A (Sigma-Aldrich) and 100 μg/ml DNase I (Sigma-Aldrich) at 37°C for 30 minutes. Digested lungs were meshed and filtered through a 70-μm cell strainer and centrifuged at 500 × g for 10 min. Cell pellets were resuspended in a 40% Percoll (GE Healthcare, South Logan, USA) solution and layered onto an 80% Percoll layer. The Percoll gradient was run at 1500 × g at room temperature for 15 min. The interlayer containing mononuclear cells was collected, washed and incubated with Fc block (BD) and stained with the corresponding antibodies for 30 minutes on ice. Intracellular staining was performed using a Foxp3 fixation/permeabilization kit (eBiosciences, San Diego, CA, USA) according to the manufacturer’s instructions. Live/Dead exclusion was routinely performed using a kit from Life Technologies. Antibodies used for flow cytometry are listed in Supplementary Table S1 and the gating strategy employed for the identification of lung Th2 cells is depicted in Supplementary Figure S3A.



Measurement of Tryptophane Metabolites in Lung Tissue

Lungs were excised, weighted, cut into small pieces and snap frozen in liquid nitrogen. All solvents used for metabolite analysis were from Sigma Aldrich, LC-MS grade. For the extraction, a mixture of ice-cold methanol:acetonitrile:water (3:2:1, v/v, 600 μl) was added to 100-150 mg frozen tissue. The tissue was lysed using a tissue Lyser (Qiagen), vortex for 1 min at 4–8°C and incubated for 4 h at -20°C. After 10 minutes centrifugation at 14,000g at 4–8°C, the supernatant was collected. Methanol 80% (vol/vol, − 20°C, 400 μl) was added to the precipitate, each sample was vortexed for 1 minute at 4–8°C, and incubated for 30 minutes at -20°C. After centrifugation at 14,000g for 10 minutes at 4–8°C, the supernatant was collected and combined to the supernatant of the first extraction step from the same sample. After a final centrifugation step at 14,000g for 10 minutes at 4–8°C, the supernatant was collected and stored at – 80°C until LC-MS/MS analysis by targeted metabolomics. Before mass spectrometric analysis, 200 µl of the extracts were dried down in a vacuum centrifuge and resolubilized in 100 µl of 5 mM ammonium bicarbonate in water. Reversed phase liquid chromatography-tandem mass spectrometry (LC-MS/MS) was used for the quantification of metabolites by directly injecting 1 ul of the resolubilized mixture onto an Atlantis PREMIER BEH C18 AX VanGuard FIT Column, (2.5 µm, 2.1 x 100 mm; Waters). A RSLC ultimate 3000 (Thermo Fisher Scientific) HPLC system was used, directly coupled to a TSQ Quantiva mass spectrometer (Thermo Fisher Scientific) via electrospray ionization. A 8-minute-long linear gradient was used, beginning with 99% A (5 mM ammonium bicarbonate in water) linearly rising up to 70% B (95% Methanol and 5% 5 mM ammonium bicarbonate in water) employing a flow rate of 100 µl/min. LC-MS/MS was performed by employing the selected reaction monitoring (SRM) mode of the instrument using the transitions (quantifiers) 205.1 m/z → 188.1 m/z (tryptophan); 209.1 m/z → 192.1 m/z (kynurenine); 190.1 m/z → 144.1 m/z (kynurenic acid) in the positive ion mode. Authentic metabolite standards (Merck) were used for determining the optimal collision energies for LC-MS/MS and for validating experimental retention times. Ion chromatograms were interpreted manually using Xcalibur (Thermo Fisher Scientific).



Immunomagnetic Cell Isolation of Non-Hematopoietic Cells From Murine Lungs

For the isolation of CD45− and CD45+ cells lungs were flushed with PBS and digested as described above. CD45− cells were separated by negative selection from CD45+ cells using CD45 MicroBeads and LC separation columns (all Miltenyi Biotech GmbH, Bergisch Gladbach, Germany), according to the manufacturer’s protocol. After controlling for cell purity by flow cytometry, cell pellets were lysed in RNA-lysis buffer (Zymo Research, Freiburg, Germany) and further processed for real-time PCR analysis.



RNA Extraction and Real-Time PCR

RNA extraction of whole lung pieces or purified cells was performed using the Quick-RNA Miniprep or Quick-RNA Microprep (Zymo Research), respectively, according to the manufacturer’s instructions and RNA was reversed transcribed with a cDNA synthesis kit (Fermentas, Thermo Fisher Scientific). For qPCR, a SYBR green-containing master mix (Roche, Basel, Switzerland) was used. Genes were run in triplicates in a 384well format using a light cycler (Roche) and normalized to two housekeeping genes. The relative expression was calculated with the 2−ΔCT method and typically fold change above control or wildtype are shown as indicated. Primer sequences are listed in Supplementary Table S2.



Normal Human Bronchial Epithelial Cell Cell Culture

NHBE culture was performed as previously described (40). Briefly, primary NHBEs (Lonza, Basel, Switzerland) of four genetically independent donors were grown as monolayers in 100% humidity and 5% CO2 at 37 °C in serum-free defined growth media (BEGM, Lonza). NHBEs (passage 3) were used at ∼80% confluence in 6-well plates. To avoid gene expression changes or influences by growth factors in the BEGM medium, cells were rested in basal medium (BEBM, Lonza) for 12 h, then stimulated with HDM extract at a final concentration of 40µg/mL (CITEQ), recombinant human IL-4 at 50 ng/ml (R&D Systems, Minneapolis, MN, USA) for 6 h. When indicated, cells were pretreated for two h prior to stimulation with the AhR inhibitor CH-223191 (Sigma-Aldrich) at a concentration of 1µM/mL. For RNA analysis, harvested cells were lysed in RLT buffer (Qiagen, Hilden, Germany) containing 1% β-mercaptoethanol (Roth, Karlsruhe, Germany) directly in the cell culture well.



RNA Extraction, Quantification and Microarray Analysis of Human NHBE

Total RNA was extracted using RNeasy Mini Kit (Qiagen, Hilden, Germany). RNA quantification and quality assessments were performed by ultraviolet–visible spectrophotometry (Nanodrop Technologies, Wilmington, DE) and the RNA 6000 Nano Chip Kit with the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). RNA quality of all samples reached a RNA integrity number (Agilent Technologies) of >8.5. Total RNA was amplified and Cy3 labeled by using the one-color Low Input Quick Amp Labeling Kit (Agilent Technologies) according to the manufacturer’s protocol. Hybridization to SurePrint G3 Human Gene Expression 8x60K Microarrays (Agilent Technologies) was performed with the Gene Expression Hybridization Kit (Agilent Technologies).



Data Analysis Strategy for Microarray

For microarray, data analysis was performed using the Genespring Software GX 14.9.1 (Agilent Technologies) under minimal data reduction constraints (1.5-fold change and P ≤ 0.05 cutoff). Upon data import a standard baseline transformation to the median of all values was performed, including log transformation and computation of fold changes (log2(A/B) = log2(A)−log2(B)). Subsequently, a principle component analysis was conducted and revealed a homogenous component distribution. Compromised array signals (array spot non uniform due to pixel noise of feature exceeding threshold or above saturation) were excluded from further analysis. Genes regulated more than 1.5-fold were further analyzed by using the paired Student’s t-test and filtered for P-value of <0.05). The significantly regulated genes were summarized in entity lists (see Supplementary Table S3). Only differentially expressed probes annotated with a Gene Symbol were considered for further analysis. Probe intensities were averaged in cases where more than one probe per genes was considered differentially expressed, and the lowest p value among these probes was considered for plotting. Genes annotated as protein coding, using the Bioconductor’s AnnotationHub package (Ensemble Human Genome version 99) were used as input for a KEGG map enrichment test as described for RNA-seq data. Microarray data have been deposited in NCBI’s Gene Expression Omnibus (GEO) and are accessible through GEO Series accession number GSE196949.



Generation of Mouse Tracheobronchial Epithelial Cells Cultures

Mouse tracheobronchial epithelial cells (MTEC) were isolated and differentiated as described previously (48). Briefly, mouse tracheas were surgically removed and placed in 10 ml 0.15% pronase solution (Roche, Basel, CH) and incubated overnight at 4°C. On the second day, a single cell suspension was generated by gently rocking the digested trachea. To remove fibroblasts, a native selection step was performed by incubating the cell suspension at 37°C in an atmosphere of 95% air, 5% CO2 for 5 h in MTEC basic medium containing 10% FCS (48). Subsequently, supernatants were collected, cells were counted and plated in a 12 well plate (7.5 x 10 (4)-1.0 x 10 (5) cells/well) coated with collagen (Thermo Fisher Scientific). Submerged MTEC cultures were incubated at 37°C in a humidified incubator containing 95% air, 5% CO2 for 7-10 days in MTEC proliferation medium containing retinoic acid (48).



EROD-Assay

To determine CYP1A1 enzyme activity an EROD Assay was performed. When indicated, cells were stimulated with HDM or the known AhR agonist FICZ (5,11-Dihydroindolo[3,2-b]carbazole-6-carboxaldehyde, Tocris Bioscience, Bristol, UK or Sigma-Aldrich) to activate the AhR and induce CYP1A1 transcription. Prior to the start of the assay, cells seeded in round-bottom cell culture plates (96 well) were washed twice with pre-warmed PBS (37°C). After aspirating the PBS, the desired volume of EROD reaction mixture [(5 µM Ethoxyresorufin (7-ER, Sigma-Aldrich), 0.5 mM NADPH (Sigma-Aldrich), 1.0 mg/ml BSA (Sigma-Aldrich), 50 mM Tris (pH 7.4)] was pipetted into the plate and subsequently incubated for 20 minutes at 37°C. To terminate the reaction 2M glycine (Sigma-Aldrich, pH 10.3-10.4) was added in a ~1:1.5 ratio of glycine:EROD mixture volume. Supernatants were spun down at RT for 1-2 minutes to pellet any cellular debris. Subsequently, a fixed fraction of the supernatant was pipetted into a new plate. The plate was read at 535-550nm excitation and 570-590nm emission with a spectrophotometer (InfiniteM200pro, TECAN).



Isolation of Primary Mouse Alveolar Epithelial Cells

Mouse primary alveolar epithelial cells were isolated as described previously (49). Briefly, cardiac perfusion was performed using DPBS (Life Technologies). Subsequently, a cannula was placed in the trachea to infuse, first, dispase (50 U/ml, Roche) for ∼45 seconds to allow the enzyme to distribute throughout the lungs without allowing it to spill back out. Next, 1 ml of 1% low-melt agarose (Sigma Aldrich) was gently infused. Lungs were covered with crushed ice for 2 minutes to allow for the agarose to solidify. Individual intact lung lobes were cut away and additionally kept in a dispase solution (50 U/ml, Roche) for 45 min at room temperature on a rocker at 150 rpm. After 45 minutes digested lungs were decanted in complete DMEM/F-12 (Gibco, Life Technologies) with DNase I (Qiagen) for 10 minutes to avoid clumping of cells. Single cell preparations were serially strained though a 100 μm, 70 μm and 40 μm strainers. Primary epithelial cells (singlets, alive, CD45-, EpCAM+ cells) were isolated with a FACSAria III cell sorter (BD) with a cell purity typically around 96%. The gating strategy is depicted in Supplementary Figure S3B.



RNA-Sequencing Analysis of Primary Lung Epithelial Cells

Total RNA was extracted from sort-purified lung epithelial cells from wildtype, AhR-/- and CYP1B1-/- mice using a RNeasy Micro Kit (Qiagen) and eluted in nuclease-free water. RNA was desiccated to 3 µl and denatured for 3 minutes at 72 °C in the presence of 2.4 mM dNTP (Invitrogen Carlsbad, USA), 240 nM dT-primer* (Metabion, Planegg, Germany) and 4 U RNase Inhibitor (New England Biolabs, Frankfurt, Germany). Reverse transcription and addition of the template switch oligo was performed at 42°C for 90 min after filling up to 10 µl with RT buffer mix for a final concentration of 1x superscript II buffer (Invitrogen), 1 M betaine (Themo Scientific), 5 mM DTT (Invitrogen), 6 mM MgCl2 (Ambion), 1 µM TSO-primer* (Metabion), 9 U RNase Inhibitor (NEB) and 90 U Superscript II (Invitrogen). The reverse transcriptase was inactivated at 70°C for 15 min and single stranded cDNA was subsequently amplified using Kapa HiFi HotStart Readymix (Roche) at a 1x concentration together with 250 nM UP-primer* (Metabion) under following cycling conditions: initial denaturation at 98°C for 3 min, 10 cycles [98°C 20 sec, 67°C 15 sec, 72°C 6 min] and final elongation at 72°C for 5 min. The amplified cDNA was purified using 1x volume of Sera-Mag SpeedBeads (GE Healthcare, South Logan, USA) resuspended in a buffer consisting of 10 mM Tris (Applichem, Darmstadt, Germany), 20 mM EDTA (AppliChem), 18.5 % (w/v) PEG 8000 (Sigma Aldrich) and 2 M sodium chloride solution (Invitrogen). The cDNA quality and concentration was determined with the Fragment Analyzer (Agilent). For library preparation, 1.5 ng cDNA was tagmented using 0.5 µl TruePrep Tagment Enzyme V50 and 1x TruePrep Tagment Buffer L (TruePrep DNA Library Prep Kit V2 for Illumina, Vazyme), followed by an incubation step at 55°C for 10 min. Next, Illumina indices were added during PCR (72°C 3 min, 98°C 30 sec, 12 cycles [98°C 10 sec, 63°C 20 sec, 72°C 1 min], 72°C 5 min) with 1x concentrated KAPA Hifi HotStart Ready Mix and 300 nM dual indexing primers. After PCR, libraries were purified twice with 1x volume Sera-Mag SpeedBeads (GE Healthcare) and quantified with the Fragment Analyzer (Agilent Technologies), followed by Illumina sequencing on a Nextseq500 with a sample sequencing depth of 30 mio reads on average.

*dT-primer: C6-aminolinker-AAGCAGTGGTATCAACGCAGAGTCGAC TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTVN, where N represents a random base and V any base beside thymidine;

TSO-primer: AAGCAGTGGTATCAACGCAGAGTACATrGrGrG, where G stands for ribo-guanosine;

UP-primer: AAGCAGTGGTATCAACGCAGAGT

Sequencing reads were pre-processed with bbduk [https://sourceforge.net/projects/bbmap/ (50)] to remove adapters still present in the raw reads and for quality trimming. Pre-processed reads were mapped to the mouse genome mm10 using GSNAP version 2020-03-12 (51). RNA sequencing quality was accessed using RNA-SeQC version 2.3.5 (52). Read counts were obtained using featureCounts version 2.0.0 (53). Splice site support and gene annotations were made using the Ensemble mm10 genome release version 99. Gene counts were filtered using the Bioconductor’s AnnotationHub package (R package version 2.18.0) to contain only protein coding genes. The protein coding genes were used for a differential expression analysis using the Bioconductor package edgeR (54). Genes were considered as differentially expressed when FDR corrected p-values were <= 0.05. Differentially expressed genes were used as input on a gene ontology enrichment analysis using the R package topGO (R package version 2.38.1). Only nodes containing at least 10 genes were considered in the analysis, using the classic algorithm with the Fisher’s exact test, and the p values were corrected using False Discovery Rate (FDR). Additionally, a Fisher’s exact test was used to detect KEGG metabolic maps (55) that were enriched for differentially expressed genes. This enrichment test was performed in an automated fashion using all available maps, and the resulting p values were also adjusted using FDR correction. Annotations from maps under “Human Disease” and “Drug Discovery” were ignored for the interpretation of the results, and only “Immune System” was used from heading “Organismal systems”. All RNA-seq related calculations were performed using the R environment for statistical computing. The raw data is available at the National Center for Biotechnology Information’s Gene Expression Omnibus database and are accessible through GEO Series accession number GSE158715 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE158715).



Statistics

Mouse data is displayed as mean ± SEM, histological and metabolite analysis as mean ± SD. Statistical significance was determined by ANOVA with Tukey’s multiple comparisons or by Student’s unpaired two-tailed t-test with or without Welch’s correction. The analysis was performed by GraphPad Prism software (version 7.0 and 8.0). Statistical analysis of RNAseq and microarray datasets was performed using R language for statistical computing.
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Rationale

Aryl hydrocarbon receptor (AhR), a ligand-activated transcription factor, has been considered as an important regulator for immune diseases. We have previously shown that AhR protects against allergic airway inflammation. The underlying mechanism, however, remains undetermined.



Objectives

We sought to determine whether AhR specifically in type II alveolar epithelial cells (AT2) modulates allergic airway inflammation and its underlying mechanisms.



Methods

The role of AhR in AT2 cells in airway inflammation was investigated in a mouse model of asthma with AhR conditional knockout mice in AT2 cells (Sftpc-Cre;AhRf/f). The effect of AhR on allergen-induced autophagy was examined by both in vivo and in vitro analyses. The involvement of autophagy in airway inflammation was analyzed by using autophagy inhibitor chloroquine. The AhR-regulated gene profiling in AT2 cells was also investigated by RNA sequencing (RNA-seq) analysis.



Results

Sftpc-Cre;AhRf/f mice showed exacerbation of allergen-induced airway hyperresponsiveness and airway inflammation with elevated Th2 cytokines in bronchoalveolar lavage fluid (BALF). Notably, an increased allergen-induced autophagy was observed in the lung tissues of Sftpc-Cre;AhRf/f mice when compared with wild-type mice. Further analyses suggested a functional axis of AhR-TGF-β1 that is critical in driving allergic airway inflammation through regulating allergen-induced cellular autophagy. Furthermore, inhibition of autophagy with autophagy inhibitor chloroquine significantly suppressed cockroach allergen–induced airway inflammation, Th2 cytokines in BALFs, and expression of autophagy-related genes LC3 and Atg5 in the lung tissues. In addition, RNA-seq analysis suggests that autophagy is one of the major pathways and that CALCOCO2/NDP52 and S1009 are major autophagy-associated genes in AT2 cells that may contribute to the AhR-mediated cockroach allergen–induced airway inflammation and, subsequently, allergic asthma.



Conclusion

These results suggest that AhR in AT2 cells functions as a protective mechanism against allergic airway inflammation through controlling cell autophagy.
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Introduction

Asthma is a leading serious chronic illness of children and adults worldwide, and its prevalence has reached unprecedented levels over the past few decades (1). Environmental allergen exposure has been considered to be one of the major risk factors for asthma (2). Of these, cockroach allergen is one of the major sources of indoor allergens and can give rise to Immunoglobulin E (IgE) sensitization and, subsequently, development of asthma (3–5). Furthermore, a recent study suggested that serum IgE levels specific to cockroach allergen were correlated with Th2 polarization (6). However, it remains unclear about the biological mechanisms underlying the cockroach allergen exposure-induced Th2-associated airway inflammation in asthma. Airway epithelium is the first line of defense against inhaled allergens. Interaction of airway epithelium with allergens leads to the release of inflammatory mediators, resulting in inappropriate recruitment of immune cells and skewing of downstream immune responses. However, the mechanisms underlying the allergen-induced mediator release from epithelial cells are still not completely understood.

The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor widely expressed in barrier organs, such as airway, gut, and skin (7, 8), and in different cell types [e.g., DCs, Th17 and Treg cells, ILCs, and mesenchymal stem cells (MSCs)] (9–12). AhR is originally characterized for its function in the metabolism of environmental toxicants such as dioxins and many other polycyclic aromatic hydrocarbons (PAHs) (13–16). Recent studies have suggested a central role for AhR as an environmental sensing molecule in cell growth, cell differentiation, cell immune responses, and respiratory function (17–21). Not surprisingly, AhR has emerged as an attractive therapeutic target for different diseases including asthma (14–16, 22). Indeed, AhR has been associated with environmental pollutant–induced allergic airway inflammation (18, 23–25) and reactive oxygen species (ROS)-dependent mast cell degranulation and activation (26, 27). Our previous findings have suggested that benzo(a)pyrene (BaP, a ubiquitous air pollutant) co-exposure with Der f 1 (a common allergen to human) exacerbated AhR signaling pathway that regulates the co-exposure–induced airway epithelial cell oxidative stress and cytokine release (28, 29). Furthermore, our recent study demonstrated that epithelial AhR is essential in protecting against cockroach allergen–induced ROS generation, NLRP3 inflammasome activation, and Muc5ac expression (30). However, the specific role of AhR signaling in regulating allergic airway inflammation and its precise mechanisms has not been fully elucidated.

Autophagy is an the endogenous housekeeping process in maintaining cell homeostatic process by delivering damaged proteins and redundant cellular organelles to lysosomes for degradation during cellular stress (2). Evidence shows that autophagy is critical in shaping cellular immune responses and progression of inflammatory diseases. It was found that autophagy was increased in peripheral blood cells and sputum granulocytes from severe asthmatic patients (31). The increased autophagy has also been associated with asthma pathological processes such as extracellular matrix deposition, airway remodeling, and immune dysregulation (32–35). Previously, we found that inhibition of autophagy led to attenuated cockroach allergen–induced airway epithelial ROS generation, cytokine release, and subsequent allergic airway inflammation, suggesting a role for autophagy in promoting asthma development (36). However, it remains unclear how cellular autophagy is regulated in the pathogenesis of asthma.

In the present study, we focused on type II alveolar epithelial cells (AT2) to determine whether AhR, specifically in AT2 cells, is involved in regulating cellular autophagy and, subsequently, allergic airway inflammation. In particular, we generated AhR conditional knockout mice in AT2 cells (Sftpc-Cre;AhRf/f) and investigated the role of AhR specifically in AT2 cells in cockroach allergen–induced airway inflammation. We then uncovered a unique role for AhR in regulating allergen-induced cellular autophagy by both in vivo and in vitro analyses. We further elucidated an overexpression of autophagy in the lung tissues of asthma mouse model and inhibition of autophagy suppressed allergic airway inflammation. Most importantly, RNA sequencing (RNA-seq) analysis identified autophagy to be one of the most AhR-regulated biological processes in AT2 cells. Further analyses suggest that CALCOCO2 and S100a9 are the major AhR-regulated autophagy-associated genes. Overall, this study provides evidence that AhR regulates allergen-induced autophagy that may contribute to the protective mechanism of AhR signaling against allergic airway inflammation.



Methods


Mice

Sftpc-Cre;AhRf/f mice on the C57BL/6 background were generated by cross-breeding Sftpc-cre with AhRf/f mice in this study. Sftpc-cre mice were provided by Michael A. O’Reilly at the University of Rochester Medical Center (Rochester, NY, USA), and AhRf/f mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). All mice were maintained under specific pathogen–free conditions at the animal facility of the Johns Hopkins University School of Medicine. The animal care and experiments were performed in compliance with the institutional and US National Institutes of Health guidelines and were reviewed and approved by the Johns Hopkins University Animal Care and Use Committee. All mice were used at 6–8 weeks of age, and all experiments used age- and sex-matched controls.



Cockroach allergen–induced asthma mouse model

The cockroach allergen–induced asthma mouse model was established with the protocol as illustrated in Figure 1A. Briefly, mice were sensitized by intra-tracheal (i.t.) inhalation of 20 µg of cockroach extract (CRE, B46, GREER Laboratories) per mouse in 50 μl of Phosphate-Buffered Saline (PBS) under light anesthesia with isoflurane and challenged with the same amount of CRE. Control mice were treated with PBS. Mice were sacrificed, and samples [lung tissues, bronchoalveolar lavage fluid (BALF), and blood] were collected on the next day after the last allergen challenge (30). In particular, BALF was harvested by two consecutive flushes of the lung with 1.0 ml of ice-cold PBS. Blood was taken to screen for serum antibodies against cockroach allergen. In some cases, mice were pre-treated with autophagy inhibitor chloroquine (CLQ; C6628, 60 mg/kg, Sigma-Aldrich, St. Louis, MO, USA) or saline vehicle control by intraperitoneal administration 1 h before every single allergen challenge.




Figure 1 | Generation of type II alveolar epithelial cell–specific AhR knockout mice. (A) Schematic representation of the crossbreeding of a floxed AhR mouse (AhRf/f) with a Sftpc-cre mouse. (B) Confirmation of Sftpc-cre: AhRf/f mice by genotyping. (C) AhR deletion in AT2 cells of Sftpc-cre: AhRf/f mice was confirmed by co-immunostaining with Sftpc and AhR in the lung tissues.





Airway hyperresponsiveness

Mice were anesthetized with a ketamine (90 mg/kg)/xylazine (18 mg/kg) mixture, and a tracheotomy tube was inserted. Ventilation was initiated with a volume-cycled ventilator (Flexivent; SCIREQ Scientific) with a positive-end expiratory pressure of 2 cmH2O). Airway responsiveness was monitored by challenging mice with a dose-dependent aerosolized methacholine (0–30 mg/ml). The airway resistance was measured with the Flexivent software and exported to Pulmodyn data-acquisition software (Hugo Sachs Electronic) for data analysis (37).



Histological analysis

Mouse lungs were perfused with 10 ml of ice-cold PBS injected into the right ventricle followed by excision, fixed with 4% formalin, and embedded in paraffin. Sections (4 µm) were then prepared from these paraffin-embedded lungs and subjected to hematoxylin and eosin (H&E) and periodic acid–Schiff (PAS) staining to evaluate general morphology and mucus production as previously described (30).



Flow cytometry analysis

Single-cell suspensions were prepared from BALFs, and total cells in BALFs were counted by Countless II (ThermoFisher). Cellular differential percentages in BALFs were measured by flow cytometry on an Accuri C6 Plus Flow Cytometer (BD Biosystems), and the data were analyzed with FlowJo software (Tree Star Inc.) as previously described (38).



Immunofluorescence staining

Immunofluorescence staining was performed as previously reported (37). Briefly, sectioned lung tissues were first blocked using 5% w/v BSA at room temperature for 1 h, followed by incubation with the primary antibodies as listed in the online repository (Supplementary Table 1) overnight at 4°C. The sample sections were then incubated with secondary antibodies conjugated with fluorescence at room temperature for 1 h. Isotype-matched negative control antibodies were used under the same conditions. The sections were mounted with the Fluoromount Mounting medium (Sigma) with DAPI (4′,6-diamidino-2-phenylindole) (ThermoFisher) and then observed by a NIKON ECLIPSE Ti-U microscope equipped with DS-Fi2 camera (NIKON, USA).



Enzyme-linked immunosorbent assay

Interleukin-4 (IL-4), IL-5, Interferon-gamma (IFN-γ), IL-17A, IL-25, and Transforming growth factor-beta 1 (TGF-β1) in cell-free BALF or supernatant were quantified by using the Ready-Set-Go! ELISA (ThermoFisher) according to the manufacturer’s instructions. Serum levels of cockroach allergen–specific IgE and IgG1 were analyzed by Enzyme-linked immunosorbent assay (ELISA) as previously described (36).



Cell culture and treatment

Human bronchial epithelial cells (HBEC3-KT, ATCC CRL-4051) were cultured in Ham’s F-12K (Kaighn’s) medium supplemented with 10% v/v FBS and 1% penicillin‐streptomycin. The cells were maintained at 37°C in a humidified atmosphere at 5% CO2. HBECs were treated with cockroach extract (CRE, Greer Laboratory) alone or pre-treated with AhR agonist TCDD (Sigma, 45899; 1.0 µM) or antagonist CH-223191 (Sigma, C8124; 10 µM) or vehicle controls 1 h before CRE treatment.



Isolation of mouse alveolar type 2 cells

Mouse AT2 cells were isolated from AhRfl/fl mice and Sftpc-Cre;AhRflox/flox mice as previously reported (38). Briefly, mice were euthanized with ketamine and xylazine intraperitoneally. Lung tissues from these mice were digested with Dispase (50 units/ml, Gibco) at room temperature for 45 min and then incubated with AT2 isolation medium consisting of a 1:1 mixture of Dulbecco’s modified Eagle’s medium (DMEM) and Ham’s F-12 (DMEM/F-12; Sigma) supplemented with 0.01% DNase I (Sigma), sodium penicillin G (100 U/ml), and streptomycin (100 µg/ml). The mixed cells were filtered through cell strainers; stained with biotinylated anti-CD16/32, anti-CD45, anti-Ter119, and anti-Sca-1 (BioLegend); and incubated at 37°C shaking incubator for 30 min. These cells were further negatively selected with streptavidin-conjugated magnetic beads for 30 min at room temperature. Cells were centrifuged for 10 min at 300g at 4°C and incubated on dishes pre-coated with mouse IgG. After incubation for 2 h, non-adherent cells were collected, centrifuged, and re-suspended with AT2 isolation medium.



RNA-seq analysis

RNA-seq libraries were prepared for sequencing using an Illumina TruSeq stranded mRNA sample preparation kit following the manufacturer’s recommended procedure. Briefly, total RNA was extracted using the RNeasy Mini Kit (QIAGEN). mRNA was enriched using oligo dT beads and then fragmented chemically by incubating at 94°C for 8 min. cDNA was synthesized with SuperScript II. After purification using AMPure XP beads, the double-stranded cDNA was ligated to TruSeq RNA adapters followed by 15 cycles of amplification and library purification. Sequencing was performed on an Illumina NextSeq6000. RNA-seq reads were aligned to the mouse reference genome GRCm38 using STAR aligner version 2.7.2b. BAM file outputs from STAR were annotated using Partek Genomic Suite (v6.6) and the RefSeq database. The gene expression levels were defined as counts by Salmon (39) and then normalized by log2-transformed counts per million (CPM, edgeR version 3.34.1) (40). Different expression analyses were performed with multiple linear regression models and empirical Bayes moderation embedded in the limma-trend approach (limma version 3.48.3) (40). Genes with absolute log2 fold change [abs(log2FC)] > 0.5 and p < 0.05 were defined as differentially expressed genes (DEGs). Gene set enrichment analyses was performed by the clusterProfiler 4.0 version 4.0.5 (41). Up- or downregulated DEGs were visualized by ComplexHeatmap (version 2.8.0) and ggplot2 (version 3.3.5) (42). All RNA-seq–based downstream analyses and visualizations were performed in R version 4.1.2. (see RNA-seq data used for analysis in Supplementary Materials).



Transfection of siRNA

AhR knockdown in HBECs was accomplished by using a pre-designed MISSION siRNA small interfering RNA pair (Sigma-Aldrich, SASI_Hs01_00140198). siRNA transfection was performed with Lipofectamine™ RNAiMAX (ThermoFisher) following the manufacturer’s instruction, whereas control cells received negative control siRNA. Cells were cultured for 48 h, and transfection efficiency was evaluated by quantitative real-time PCR and Western blot.



RNA isolation and quantitative real-time PCR analysis

Total RNA from lung tissues or HBECs was isolated using the Monarch Total RNA Miniprep Kit (New England Biolabs), and cDNAs were synthesized with the High-Capacity cDNA Reverse Transcription Kit (ThermoFisher). Quantitative real-time PCR analysis was performed using the Power SYBR Green PCR Master Mix (ThermoFisher) on an ABI Prism 7300 detection system. Data were analyzed using the 2−ΔΔCT method relative to the housekeeping gene Actin (43). Primer sequences are provided in the Online Repository (see Table E1).



Western blotting

Tissues or cells were lysed with an radioimmunoprecipitation assay (RIPA) buffer containing protease and phosphatase inhibitor cocktails (Sigma-Aldrich). Protein concentrations were measured by using a BCA kit (Thermo Fisher). An equal amount of total protein (20–50 µg) was loaded onto a 4%–12% Tris-Glycine Gel in NuPAGE MOPS SDS Running Buffer (Thermo Fisher Scientific) and then transferred using the iBlot2 NC Stack System (ThermoFisher). The membranes were blocked in 5% non-fat milk in Tris buffered saline with Tween® 20 (TBST) for 1 h at room temperature and then probed with primary antibodies overnight at 4°C. Species-appropriate secondary antibodies conjugated to IRDye 680RD or IRdye 800CW (LI-COR Biosciences) were used according to the manufacturer’s instructions. Detection was performed using iBright 1500 Imaging Systems, and fluorescent intensity was quantified using the system built in IBright Analysis Software (Thermo Fisher Scientific).



Statistical analysis

All statistical analyses were carried out using GraphPad Prism version 8.2.1 (GraphPad Software, La Jolla, CA, USA). All data are presented as means ± SEM. Comparison of two groups was performed by student’s two-tailed unpaired t-test. Comparison of more than two groups was performed by ordinary one-way ANOVA followed by Tukey’s post hoc test. P < 0.05 was considered statistically significant.




Results


Generation of type II alveolar epithelial cell–specific AhR knockout mice

Airway epithelial cells are the first line of defense against inhaled particulate antigens, and epithelial activation is one of the characteristics of asthma (44). We have found that expression of AhR was significantly increased in the airways of asthmatic patients (45) and the mouse model of asthma (12). To determine the significance of epithelial AhR in cockroach allergen–induced asthma, we deleted AhR selectively from type II alveolar airway epithelium (AT2) by crossing floxed AhR mice (AhRf/f) with Sftpc-cre mice that express the Cre recombinase in AT2 cells from the endogenous promoter/enhancer elements of the surfactant protein C (Sftpc) locus (Sftpc-Cre; AhRf/f, Figure 1A). The mice were confirmed by genotyping (Figure 1B). The deletion of AhR in AT2 cells was further confirmed by co-immunostaining with AhR and Sftpc in the lung tissues (Figure 1C). Thus, these mice represent an ideal mouse model to examine the functional role of AhR in AT2 cells in allergic airway inflammation.



Type II alveolar epithelial cell AhR protects against allergic airway inflammation

Next, we used these newly generated Sftpc-Cre;AhRf/f mice to create an asthma mouse model by using our previous protocol as illustrated in Figure 2A. Histological analysis demonstrated that CRE-treated Sftpc-Cre;AhRf/f mice had an increased recruitment of inflammatory cells to the lung with dense peribronchial infiltrates (Figure 2B, upper panel) and goblet cell hyperplasia (Figure 2B, lower panel) as compared with AhRf/f mice. Consistently, these Sftpc-Cre;AhRf/f mice showed a significant increase in airway resistance (Figure 2C) and decrease in airway compliance (Figure 2D). Compared with AhRf/f mice, the total inflammatory cells, especially eosinophils, were remarkably increased in the BALFs of Sftpc-Cre;AhRf/f mice (Figure 2E). Higher levels of cockroach allergen–specific IgE and IgG1 were observed in serum of CRE-treated Sftpc-Cre;AhRf/f (Figure 2F). Furthermore, Sftpc-Cre;AhRf/f mice had higher levels of IL-4 and IL-5 in BALFs (Figure 2G). In contrast, no clear change was observed for IFN-γ, IL-17, and IL-25. Collectively, these findings indicate that AhR in AT2 cells protects against cockroach allergen–induced airway hyperresponsiveness and Th2-associated allergic airway inflammation.




Figure 2 | Type II alveolar epithelial cell AhR protects against airway hyperresponsiveness and allergic airway inflammation. (A) Experimental scheme for cockroach allergen–induced mouse model of asthma. (B) Histological examination of mouse paraffin lung sections stained with hematoxylin and eosin (H&E, upper panel) and Alcian Blue periodic acid–Schiff (AB-PAS, lower panel). (C, D) Lung resistance (C) and compliance (D) in response to increasing concentrations of methacholine using the forced oscillation technique (FlexiVent, SCIREQ). (E) Bronchoalveolar lavage (BAL) fluid total and eosinophil cell counts as assessed by flow cytometry. (F) Serum levels of cockroach allergen–specific IgE and IgG1. (G) Levels of cytokines in BALFs. n = 8–10. Data represent means ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.





Type II alveolar epithelial cell AhR protects against allergen-induced autophagy in a mouse model of asthma

Previously, we have demonstrated that excessive autophagy is critical in cockroach allergen–induced ROS generation, cytokine release, and subsequent allergic airway inflammation (36). To determine whether epithelial AhR regulates cockroach allergen–induced autophagy, we detected expression of autophagy-related genes in the lung tissues of CRE-induced mouse model with AhRf/f or Sftpc-Cre;AhRf/f mice. Compared with PBS-treated mice, increased expression of LC3A, Atg5, and p62 was seen in the lung tissues of CRE-sensitized and challenged mice as analyzed by RT-PCR (Figure 3A). Interestingly, compared with AhRf/f mice, the increased expression of ILC3A, LC3B, and Beclin-1 was further enhanced in CRE-treated Sftpc-Cre;AhRf/f mice. The increased autophagy was specifically confirmed in AT2 cells by co-immunofluorescent staining. The CRE-treated Sftpc-Cre;AhRf/f mice showed a significantly increased expression of LC3B in AT2 cells compared with AhRf/f mice (Figure 3B). Similar patterns were noted for Beclin-1 and ATG5, indicating that AhR in AT2 cells protects against cockroach allergen–induced autophagy.




Figure 3 | Type II alveolar epithelial cell AhR protects against allergen-induced autophagy in a mouse model of asthma. (A) RT-PCR analyses of autophagy-related genes in the lung tissues of asthma mouse model. n = 8–12. (B) Representative images of co-immunofluorescence staining of autophagy-related genes with AT2 marker SPC. n = 6. Data in (A) represent means ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.





Aryl hydrocarbon receptor modulates allergen-induced autophagy in human bronchial epithelial cells

To further confirm the functional significance of AhR in modulating autophagy, we investigated whether AhR knockdown can affect cockroach allergen–induced autophagy by in vitro analysis. AhR was knocked down in HBECs by using different doses of siRNA, and siRNA at 100 pmol showed the best deletion of AhR as assessed by RT-PCR (Figure 4A). AhR knockdown was further confirmed by Western blot (Figure 4B). As expected, immunostaining analysis illustrated that CRE exposure induced autophagy in HBECs as assessed by the increased expression of LC3 (Figures 4C, D), ATG5 (Figures 4C, E), and Beclin-1 (Figures 4C, F) but decreased expression of p62 (Figures 4C, G). Of interest, the increased expression of LC3 (Figures 4C, D), ATG5 (Figures 4C, E), and Beclin-1 (Figures 4C, F) was further enhanced in HBECs with AhR knockdown. To visualize the regulation of autophagy by AhR, we transfected either a GFP-LC3 or p62-mCherry construct in HBECs and then treated them with AhR antagonist CH223191. As shown in Figure 4H, the autophagic flux induced by CRE was increased according to the number of LC3 puncta (Figures 4H, I). The increased autophagy was potentiated in HBECs pre-treated with AhR antagonist CH223191. In contrast, expression of p62 was significantly reduced in HBECs treated with CRE in relative to PBS. No statistical difference was observed for HBECs with or without CH223191 pre-treatment (Figures 4H, J). Taken together, our in vitro analysis supports that epithelial AhR regulates cockroach allergen–induced autophagy.




Figure 4 | Aryl hydrocarbon receptor modulates allergen-induced autophagy in human bronchial epithelial cells (HBECs). (A) RT-PCR confirmation of AhR knockdown in HBECs by using different doses of AhR siRNA. (B) AhR knockdown in HBECs with 100-pmol AhR siRNA was further confirmed by Western blot. (C) Representative images of immunofluorescence staining of autophagy-related genes in HBECs with or without AhR knockdown. n = 6. (D–G) Quantification of immunofluorescence staining for autophagy-related genes LC3 (D), Atg5 (E), Beclin-1 (F), and p62 (G) in HBECs with or without AhR knockdown. n = 12. (H) Representative immunofluorescence images of CRE-treated HBECs expressing GFP-LC3 or p62-mCherry in the presence or absence of AhR antagonist CH223191. (I) Quantitative analysis of autophagic flux according to the number of LC3 puncta (GFP dots/50 µm2). (J) Quantitative analysis of p62-mCherry florescent signal in (H). n = 12 [four different high-power fields (hpfs) of three independent experiments]. Data represent means ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.





Inhibition of autophagy attenuates allergic airway inflammation

Given the significance of autophagy in AT2 cell AhR-modulated allergic airway inflammation, we asked whether inhibition of autophagy can suppress cockroach allergen–induced airway inflammation by using autophagy inhibitor CLQ in our mouse model following the protocol illustrated in (Figure 5A). CLQ is the most widely used classic inhibitor of autophagy that inhibits the last stage of autophagy (46). Consistent with our previous or current findings, CRE exposure induced airway inflammation when compare with PBS treatment. When these CRE-treated mice were pre-exposed to CLQ, the CRE-induced airway inflammation was significantly attenuated. In particular, CLQ pre-treatment inhibited CRE-induced peribronchial inflammation (H&E) (Figure 5B, upper panel) and goblet cell hyperplasia (PAS) (Figure 5B, lower panel). These CLQ-treated mice also showed reduced numbers of total inflammatory cells, particularly eosinophils in BALFs (Figure 5C). Moreover, cockroach allergen specific IgE and IgG1 in serum (sIgE and sIgG1) were reduced in mice treated with CLQ (Figure 5D). Furthermore, CLQ treatment led to the significant reduction in the levels of IL-4, IL-5, IL13, IFNγ, and TGF-β1 in BALFs (Figure 5E). Furthermore, as expected, treatment with CLQ attenuated CRE-induced expression of LC3A, LC3B, and Atg5 but led to the accumulation of p62 (Figure 5F). These results further support that inhibition of autophagy can prevent cockroach allergen–induced Th2-associated airway inflammation.




Figure 5 | Inhibition of autophagy attenuates allergic airway inflammation. (A) Experimental scheme for cockroach allergen–induced mouse model of asthma in the presence or absence of autophagy inhibitor chloroquine (CLQ). (B) Histological examination of mouse paraffin lung sections stained with hematoxylin and eosin (H&E, upper panel) and periodic acid–Schiff (PAS, lower panel). (C) Bronchoalveolar lavage (BAL) fluid total and eosinophil cell counts as assessed by flow cytometry. (D) Serum levels of cockroach allergen–specific IgE and IgG1. (E) Levels of cytokines in BALFs. (F) RT-PCR analyses of autophagy-related genes in the lung tissues of asthma mouse model. n = 10. Data represent means ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.





TGF-β1 is required in AhR-mediated cockroach allergen–induced autophagy

We have previously reported that AhR modulates allergen-induced epithelial TGF-β1 secretion and signaling activation (29). We hypothesized that TGF-β1 may be a key player in AhR-mediated cockroach allergen–induced autophagy. AhR in HEBCs was knocked down by siRNA s illustrated in (Figures 4A, B). These HBECs were exposed to CRE for 24 h, and levels of TGF-β1 in supernatants were measured by ELISA. As noted, cockroach allergen exposure induced significant levels of TGF-β1 release from HBECs (Figure 6A). Of interest, the TGF-β1 release was enhanced in HEBCs with AhR knockdown. These findings provide further evidence that AhR modulates cockroach allergen–induced epithelial TGF-β1 secretion. To determine the role of TGF-β1 in autophagy, HBECs were treated with different doses of recombinant TGF-β1 for 24 h, the expression of autophagy-associated genes was detected by RT-PCR. Significantly increased LC3A and Atg5, but reduced p62 expression was observed in TGF-β1–treated HBECs (Figure 6B). No clear change was noted for Beclin-1. To further investigate whether TGF-β1 is required in cockroach allergen–induced autophagy, TGF-β1 neutralizing antibody (α-TGF-β1) was used to remove TGF-β1 in supernatants of CRE-treated HBECs. Intriguingly, the CRE-induced increased expression of LC3A, LC3B, Atg5, and Beclin-1 was almost completely attenuated in α-TGF-β1 pre-treated HBECs (Figure 6C). In contrast, α-TGF-β1 treatment induced increased expression of p62 that was reduced in CRE-treated HBECs. These findings support the hypothesis that TGF-β1 is essential in AhR-mediated cockroach allergen–induced autophagy.




Figure 6 | TGF-β1 is required in AhR-mediated cockroach allergen–induced autophagy. (A) ELISA analysis of TGF-β1 levels in supernatants of cockroach allergen (CRE)–treated HEBCs with or without AhR siRNA knockdown. (B) Expression of LC3A, LC3B, Atg5, Beclin-1, and p62 in the recombinant TGF-β1–treated HBECs at different concentrations. (C) Expression of LC3A, LC3B, Atg5, Beclin-1, and p62 in cockroach allergen (CRE-treated) HBECs in the presence or absence of TGF-β1 neutralizing antibody (α-TGF-β1). Data represent means ± SEM of at least two independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.





RNA-seq analysis identifies autophagy as one of the major AhR-regulated signaling pathways in AT2 cells

To further examine the underlying mechanisms by which epithelial AhR modulates allergic airway inflammation, we analyzed the transcriptional profiles of AT2 cells isolated from the lungs of AhRf/f and Sftpc-cre;AhRf/f mice that were treated with CRE (50 µg/ml) for 24 h. The pattern of the up- and downregulated genes is illustrated by heatmap. First comparisons were made in AT2 cells treated with either PBS or CRE. Results revealed approximately 863 mRNAs that were differentially expressed in AT2 cells from AhRf/f mice, including 357 downregulated (e.g., Siglec-F) and 506 upregulated genes [Ccl20, Cxcl2, NOXO1, Duox2, and Slc26a4 (38)] (Figure 7A). Approximately 685 mRNAs were differentially expressed in AT2 cells from Sftpc-Cre;AhRf/f mice, including 318 downregulated and 377 upregulated genes (Figure 7B). Next comparisons were made in AT2 cells between AhRf/f and Sftpc-Cre;AhRf/f mice. Results showed a total of 845 mRNAs differentially expressed in PBS-treated AT2 cells, including 364 downregulated (e.g., Cyp1a1 and Cyp1b1) and 481 upregulated genes (Figure 7C). Approximately 717 mRNAs were differentially expressed in CRE-treated AT2 cells, including 356 downregulated [e.g., Ahrr, Cyp1b1, and Ptgs2 (also called COX-2) (47)] and 361 upregulated genes [e.g., Slc26a4 (38)] (Figure 7D). The DEGs in CRE-treated AT2 cells were further grouped into functional groups using the Gene Ontology (GO) functional enrichment analysis. Of interest, autophagy was identified to be one of the most enriched GO terms (Figure 7E). Several other significant GO terms were also identified, including ubiquitin-protein transferase activity, cell activation, and cilium-related terms (e.g., movement, assembly, organization, and cilium) (Figure 7E). Among all these autophagy-associated genes, sh3bp4, Calcoco2, Prkd1, Fbxl2, Usp10, and Trim34b were significantly upregulated, but Trim34a, Trim12a, Trim30d, Trim5, S100a9, and BCL21ll were downregulated (Figure 7F). These results support our previous findings that autophagy is one of the major AhR-regulated biological processes in AT2 cells.




Figure 7 | AhR-regulated transcriptional profiles in AT2 cells. (A, B) Heatmap of differentially expressed mRNAs in AT2 cells of AhRf/f (A) or Sftpc-cre;AhRf/f (B) mice treated with PBS verses cockroach allergen (CRE, 50 µg/ml) for 24 h (C, D) Heatmap of differentially expressed mRNAs in AT2 cells of AhRf/f verses Sftpc-cre;AhRf/f mice treated with PBS (C) or cockroach allergen CRE, 50 µg/ml) (D) for 24 h n = 3 per group (A–D). (E) Gene Ontology (GO) functional enrichment analysis of the differentially expressed genes in (D). (F) Heatmap of differentially expressed genes (DEG) that are involved in cellular autophagy.





CALCOCO2 and S100a9 are the major AhR-regulated autophagy-associated genes in AT2 cells

RT-PCR validation further narrowed down the gene list by focusing on several highly selected genes, including Calcoco2, sh3bp4, Prkd1, Usp10, and S100a9. AT2 cells were isolated from AhRfl/fl or Sftpc-Cre;AhRf/f mice and then confirmed by immunostaining (Figure 8A). AhR deficiency in AT2 cells derived from Sftpc-Cre;AhRf/f mice was further confirmed by RT-PCR (Figure 8B). Of these selected genes, Calcoco2 showed a significant increase in CRE-treated AT2 cells from Sftpc-cre;RhoAf/f mice as compared with those from AhRf/f mice (Figure 8C). Calcoco2 has been shown to initiate selective autophagy through recruiting Unc-51-like kinase (ULK) and TANK-binding kinase 1 (TBK1) kinase complexes (48, 49). Further analysis demonstrated an increased expression of Calcoco2 in the lung tissues of our asthma mouse model as assessed by immunostaining (Figure 8D). The increased Calcoco2 was further enhanced in Sftpc-cre;RhoAf/f mice as compared with control mice. Notably, the same pattern was observed for Calcoco2 expression specifically in AT2 cells. In contrast to Calcoco2, RT-PCR analysis showed that S100a9 expression was significantly reduced in AT2 cells from Sftpc-cre;RhoAf/f mice compared with those from AhRf/f mice (Figure 8C). S100a9 (S100 calcium binding protein A9) is a pro-inflammatory alarmin associated with inflammation-related diseases. Suppression of S100a9 has been implicated to protect against LPS-induced lung injury (50). Together, these data suggest a possible mechanism that AhR regulates cellular autophagy through modulating Calcoco2/S100a9 expression.




Figure 8 | Calcoco2 and S100a9 are the major AhR-regulated autophagy-associated genes in AT2 cells. (A) Confirmation of AT2 cells isolated from AhRf/f or Sftpc-Cre;AhRf/f mice by immunostaining. (B) Confirmation of AhR deficiency in AT2 cells derived from Sftpc-Cre;AhRf/f mice by RT-PCR. (C) RT-PCR analysis of highly selected differentially expressed autophagy-associated genes of in AT2 cells. (D) Representative images of co-immunofluorescence staining of Calcoco2 with AT2 marker SPC. Data represent means ± SEM of at least two independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.






Discussion

AhR as a receptor for environmental contaminants has been shown to protect against allergic airway information and remodeling in allergic asthma by using global AhR knockout mice (18, 23–25, 51, 52). In the present study, we specially focused on AT2 cells by generating AhR knockout mice in AT2 cells (Sftpc-Cre;AhRf/f) and provided supporting evidence that AhR in AT2 cells prevents allergen-induced airway hyperresponsiveness and Th2-associated airway inflammation.

AT2 cells are recognized as progenitor cells in response to lung injury and have a unique function in providing pulmonary surfactant and a variety of inflammatory mediators needed for the special microenvironment in the alveolus (53, 54). AT2 cell damage has been implicated in lung fibrosis (55) and inflammation (56). However, the genetic regulation and functional significance of AT2 cells in allergic immune responses to environmental allergens in asthma remain unknown. Here, we generated the Sftpc-Cre;AhRf/f mice to determine whether AhR specifically in AT2 cells play an important role in allergic airway inflammation. Sftpc-Cre;AhRf/f mice with AhR deletion selectively from AT2 cells were generated by crossing AhRf/f with Sftpc-cre mice. We selected Sftpc-cre mice for AhR deletion in AT2 cells because Sftpc is highly expressed by AT2 cells and has been widely used as a genetic marker for AT2 cells (57–59). However, we recognize that Sftpc may not be uniquely expressed in AT2 cells (60–62), and future studies are thus needed to identify unique markers to further define the role of AT2 cells in allergic airway inflammation.

Using the newly generated Sftpc-Cre;AhRf/f mice, we found that AT2 cell–specific deletion of AhR led to an exacerbation of allergen-induced airway hyperresponsiveness and airway inflammation with elevated eosinophils and Th2 cytokines in BALFs. These results were consistent with our previously report with global AhR knockout mice. Especially, cockroach allergen–treated AhR−/− mice showed exacerbation of airway inflammation when compared with WT mice, which was further supported by using an AhR agonist 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (12). Furthermore, Chang et al. have also reported that AhR−/− mice had exacerbated ovalbumin (OVA)–induced asthma symptoms, including airway inflammation, mucus production, and airway remodeling, and suggested that AhR is required in maintaining normal lung function and mediating disease severity (51). In contrast, Traboulsi et al. found that OVA-induced mouse model with AhR−/− mice showed significantly enhanced eosinophilia and lymphocyte infiltrates into the airways with increased IL-4 and IL-5 in the airways, but no changes were observed for airway hyperresponsiveness (52). These discoveries highlight the complexity of AhR activation and the need for the investigation into how AhR specifically in AT2 cells regulates airway inflammation and airway hyperresponsiveness.

Our studies have suggested several underlying mechanisms as to how AhR regulates airway inflammation. We have provided evidence that AhR protects lungs from allergen-induced inflammation by modulating MSC recruitment and their immune-suppressive activity (12). Further studies suggest that active AhR signaling in MSCs regulates MSC suppressive activity by polarizing macrophages into anti-inflammatory M2 in asthma (63). Our very recent studies uncover a key functional axis of AhR-ROS-NLRP3 inflammasome that plays an important role in the development of allergic airway inflammation (30). In particular, we demonstrated that epithelial AhR plays a role in cockroach allergen–induced ROS generation and NLRP3 inflammasome activation that are essential in the development of allergic airway inflammation and mucus production. Intriguingly, MCC950, a NLRP3-specifc inhibitor, showed significant inhibition of cockroach allergen–induced airway inflammation and Muc5ac expression. In the current study, we focused on autophagy and demonstrated that AhR regulates allergen-induced cellular autophagy, and, subsequently, allergic airway inflammation. Autophagy is a homeostatic process in which eukaryotic cell encapsulates damaged proteins or organelles for lysosomal degradation and recycling (64). It has also been shown to shape cellular immune responses initiated by environmental pollutants, allergens, and respiratory tract infections (3, 34, 65–71). Abnormality in autophagy has been associated with several major asthma phenotypes, including airway hyperresponsiveness (66), inflammation (72), mucus hyperproduction (73), and remodeling (32). Accumulating evidence suggests that autophagy may be detrimental or beneficial in asthma that depends on the cell types involved (74). We have previously demonstrated that cockroach allergen can induce autophagy in human airway epithelial cells and excessive autophagy may contribute to cockroach allergen–induced airway epithelial ROS generation, cytokine release, and allergic airway inflammation (36). Importantly, autophagy has been shown to regulate NLRP3 inflammasome and secretion of proinflammatory cytokines (75), raising the possibility that autophagy may be a part of the AhR-regulated axis of ROS–inflammasome, which would be of interest to explore in the future.

In this study, we provide a critical but previously unrecognized mechanism that AhR may protect lung from allergic inflammation via regulating allergen-induced autophagy in AT2 cells. In particular, we found that Sftpc-Cre;AhRf/f mice showed an increased cockroach allergen–induced autophagy compared with AhRf/f mice. The increased autophagy was confirmed in AT2 cells of those mice. Although no human AT2 cells were available, the regulation of AhR in allergen-induced autophagy was further confirmed in HBECs with or without AhR knockdown, suggesting that the AhR regulation on AT2 cell autophagy might also be true for the bronchial airway epithelial cells. Importantly, this finding was further supported by direct monitoring of autophagic flux according to the number of GFP-LC3 puncta under fluorescence microscopy. CRE-treated HBECs showed an increased autophagic flux, which was further enhanced by the treatment with AhR antagonist CH223191. Most importantly, pre-treatment of mice with autophagy inhibitor CLQ abrogated cockroach allergen–induced airway inflammation, Th2-associated cytokines, and autophagy-related gene expression. CLQ is a classic inhibitor of autophagy that blocks the binding of autophagosomes to lysosomes (46). Collectively, these studies highlight a critical role for AhR in AT2 cells in preventing allergen-induced autophagy.

Next, we explored the possible mechanisms underlying the AhR-regulated autophagy. We have previously reported that AhR modulates allergen-induced epithelial TGF-β1 secretion and activation (29, 45). This finding led us to hypothesize that TGF-β1 may be a major player in AhR-mediated autophagy. Indeed, we found increased levels of TGF-β1 in supernatants of cockroach allergen–treated HBECs, which were further enhanced in HBECs with AhR knockdown. Furthermore, we investigated whether the AhR-regulated TGF-β1 can directly induce autophagy. As expected, HBECs showed an increased autophagy after exposed to different doses of recombinant TGF-β1. In contrast, we found that cockroach allergen–induced autophagy was almost completely blocked when TGF-β1 was deleted by using TGF-β1 neutralizing antibody (α-TGF-β1). These studies suggest that TGF-β1 is required in AhR-regulated cockroach allergen–induced autophagy.

In addition to TGF-β1, we expanded our studies to identify novel genes and pathways that are involved in AhR-mediated autophagy and airway inflammation. We analyzed the transcriptional profiles of AT2 cells isolated from the lungs of AhRf/f and Sftpc-cre;AhRf/f mice. Although there were different comparisons between groups, the major comparison was between CRE-treated AT2 cells derived from Sftpc-cre;AhRf/f mice and AhRf/f mice with a total of 717 differentially expressed mRNAs identified. Of these, both AhR downstream genes Ahrr and Cyp1b1 showed significant reduction in AT2 cells of Sftpc-cre;AhRf/f mice, supporting the AhR deficiency in AT2 cells and proper experimental approaches we used in this study. In addition, we found our previously identified genes COX-2 (47) and Slc26a4 (38) that are associated with allergic airway inflammation. Furthermore, GO functional enrichment analysis based on these DEGs identified autophagy as one of the most enriched GO terms. Among these autophagy-related genes, Calcoco2, also named as NDP52 (nuclear dot protein 52), is an essential selective autophagy adaptor that initiates selective autophagy through recruiting ULK and TBK1 kinase complexes (48). Recruitment of Calcoco2 has also been suggested to amplify PTEN Induced Kinase 1 (PINK1)/Parkin mitophagy signaling (49). Our study demonstrated that Calcoco2 was highly expressed in the lung tissues and AT2 cells of our asthma mouse model as determined by immunofluorescence staining. In contrast to Calcoco2, S100a9 is downregulated in AT2 cells of Sftpc-cre;AhRf/f mice compared with AhRf/f mice. S100a9 is known as damage-associated molecular pattern, which can be induced in many cells under inflammatory condition (76). Interestingly, studies have highlighted a role for S100a9 in inducing pro-inflammatory cytokine release and in the ROS-dependent activation of the NLRP3 inflammasome (76). However, it remains unclear whether S100a9 is also involved in the allergen-induced and ROS-dependent activation of autophagy. In addition, we have also identified several other significant GO terms, including ubiquitin-protein transferase activity, cell activation, and cilium-related terms (e.g., movement, assembly, organization, and cilium). Those identified biological processes are clearly worth to be investigated in the future for their contributions to the AhR-mediated airway inflammation.

Taken together, we used our newly generated Sftpc-Cre;AhRf/f mice and provided a strong evidence that AhR in AT2 cells protects against cockroach allergen–induced airway hyperresponsiveness and Th2-associated airway inflammation. Further in vivo and in vitro studies suggest that cockroach allergen can induce autophagy in AT2 cells, and AhR in AT2 cells can prevent cockroach allergen–induced autophagy. Most intriguingly, autophagy inhibition attenuated cockroach allergen–induced airway inflammation and Th2-associated cytokines. Mechanistically, we identified a functional axis of AhR-TGF-β1 that is critical in driving allergen-induced cellular autophagy. Furthermore, our GO functional enrichment analysis on these DEGs from the RNA-seq analysis suggested that autophagy is one of the most enriched GO terms, and the autophagy adaptor CALCOCO2 and S100a9 are the major AhR-regulated autophagy genes in cockroach allergen–treated AT2 cells (Figure 9, graphic summary). However, the regulation of AhR on these identified autophagy genes and the exact role of these genes in the pathogenesis of asthma remain unclear, thus warranting further, in-depth investigations. One of the major limitations is the lack of primary human AT2 cells. Instead, we used HBECs, an immortalized cell line under submerged cultures, for in vitro studies, which may not truly reflect the real changes seen in AT2 cells. However, our findings in AT2 cells may also apply to the bronchial epithelial cells. Collectively, these findings highlight a critical role for AhR in AT2 cells in preventing allergic airway inflammation through regulating cellular autophagy.




Figure 9 | Graphic summary. AhR in AT2 cells regulates cockroach allergen–induced autophagy. Cockroach allergen can induce autophagy that is critical in controlling proinflammatory mediator release, Th2-associated airway inflammation, and, subsequently, allergic asthma. AhR in AT2 cells inhibits cockroach allergen–induced autophagy through either controlling TGF-β1 release or AhR-regulated autophagy-associated genes [either upregulated (e.g., CALCOCO2) or downregulated (e.g., S100a9)].
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Background

Allergic respiratory diseases have increased dramatically due to air pollution over the past few decades. However, studies are limited on the effects of inorganic components and particulate matter with different particle sizes in smog on allergic diseases, and the possible molecular mechanism of inducing allergies has not been thoroughly studied.



Methods

Four common mineral elements with different particle sizes in smog particles were selected, including Al2O3, TiO2, Fe2O3, and SiO2. We studied the relationship and molecular mechanism of smog particle composition, particle size, and allergic reactions using mast cells, immunoglobulin E (IgE)-mediated passive cutaneous anaphylaxis (PCA) model, and an ovalbumin (OVA)-induced asthmatic mouse model in vitro and in vivo, combined with transmission electron microscopy, scanning transmission X-ray microscopy analysis, and transcriptome sequencing.



Results

Only 20 nm SiO2 particles significantly increased β-hexosaminidase release, based on dinitrophenol (DNP)-human serum albumin (HSA) stimulation, from IgE-sensitized mast cells, while other particles did not. Meanwhile, the PCA model showed that Evan’s blue extravasation in mice was increased after treatment with nano-SiO2 particles. Nano-SiO2 particles exposure in the asthmatic mouse model caused an enhancement of allergic airway inflammation as manifested by OVA-specific serum IgE, airway hyperresponsiveness, lung inflammation injury, mucous cell metaplasia, cytokine expression, mast cell activation, and histamine secretion, which were significantly increased. Nano-SiO2 particles exposure did not affect the expression of FcϵRI or the ability of mast cells to bind IgE but synergistically activated mast cells by enhancing the mitogen-activated protein kinase (MAPK) signaling pathway, especially the phosphorylation levels of the extracellular signal-regulated kinase (ERK)1/2. The ERK inhibitors showed a significant inhibitory effect in reducing β-hexosaminidase release.



Conclusion

Our results indicated that nano-SiO2 particles stimulation might synergistically activate IgE-sensitized mast cells by enhancing the MAPK signaling pathway and that nano-SiO2 particles exposure could exacerbate allergic inflammation. Our experimental results provide useful information for preventing and treating allergic diseases.





Keywords: allergic asthma, smog particles, mast cell, MAPK, silica nanoparticles



Introduction

Due to environmental changes, air pollutants, and aeroallergens, the morbidity, and prevalence of allergic respiratory diseases have increased dramatically over the past few decades (1, 2). In addition to lifestyle changes, many epidemiological and experimental studies explicitly highlight the role of air pollution in the development of allergic disease and increase the frequency of emergency department visits and hospitalizations for asthma (3–5). Importantly, pollutants can act as adjuvants to potentiate the development of pollen allergies, and early-life exposure may increase the risk of aeroallergen sensitization (6, 7).

Undoubtedly, air pollution has become a severe threat to global health. According to the World Health Organization (WHO) (https://www.who.int/), ambient air pollution accounts for an estimated 4.2 million deaths per year, and over 90% of people live in places where air quality levels do not reach WHO guideline levels. Air pollution has been of great concern over the last decade in China due to the increasing hazardous dense smog affecting most parts of the country (8). Among the various air pollutants, which are composed of gases (O3, NO2, CO, and SO2) and particulate matter (PM), PM causes the most significant harmful effects during a smog episode (9). Fine particulate matter (PM2.5), one of the main components of smog particles, refers to particulate matter with an aerodynamic diameter ≤ 2.5 μm, which is an extraordinarily complex mixture of diverse chemical, physical and biological components with a wide range of morphological, chemical, physical, and thermodynamic characteristics (10). The composition of smog particles includes not only a large number of biologically active substances, such as pollen, fungal spores, and microorganisms, but also nonbiologically active substances, such as heavy metals, transition metals, organic acids, and polycyclic aromatic hydrocarbons, which are the carriers and catalysts of many pollutants (11, 12). However, which components of smog particles play a significant role in developing allergic diseases have not yet been fully studied.

Mast cells are one of the critical effector cells in allergic diseases and are predominantly localized at sites in the skin, mucous membranes, airways, and intestine where they contact the environment; therefore, mast cells are considered to be the sentinel cells for environmental insults (13). Mast cells can recognize immunological, inflammatory, and environmental factors by various types of receptors, including high-affinity immunoglobulin E (IgE) receptors (FcϵRI), G protein-coupled receptors, or ion channels, and release bioactive mediators through IgE pathways or non-IgE pathway activation (14). Previous studies on the effects of smog particles on allergic diseases have primarily focused on complex mixtures. For example, Piao et al. reported that PM2.5 exposure could exacerbate oxidative stress and enhance PM2.5 phagocytosis by activating the NF-κB signaling pathway in an ovalbumin (OVA)-induced allergic rhinitis mouse model (15). Another study found that environmentally relevant metal and transition metal ions, such as Al3+, Cd2+, Sr2+, and Ni2+, could increase the level of allergen-mediated mast cell activation, which indicated that nonbiologically active substances in smog particles also played an essential role in allergic diseases (12).

However, studies on the effects of inorganic components and particulate matter with different particle sizes in smog particles on allergic diseases are limited, and the possible molecular mechanism of inducing allergies is not completely clear. In our previous study, we chose nine typical water-soluble inorganic salts and three water-soluble organic acids in PM2.5 from Beijing to investigate the cytotoxicity and activation effect on mast cells. The results showed that only malonic acid had a very slight activation effect on mast cells via the IgE pathway (16). The source and composition of smog particles are very complex. Elemental analysis shows that mineral elements and metal elements, such as Na, Fe, Al, Si, Ti, K, Mg, Ca, and Mn, are the main constituent elements (17, 18). In the present study, limited by the source of the material, we only selected four common mineral elements with different particle sizes in smog particles, including aluminum oxide (Al2O3, 20 nm and 26.93 μm), titanium oxide (TiO2, 20 nm and 1 μm), iron oxide (Fe2O3, 50 nm and 1 μm) and silicon dioxide (SiO2, 20 nm and 2.34 μm). We studied the relationship and molecular mechanism of smog particle composition, particle size, and allergic effect using mast cells, IgE-mediated passive cutaneous anaphylaxis (PCA) model, and an OVA-induced asthmatic mouse model in vitro and in vivo. Finally, we found that nano-SiO2 particles stimulation might synergistically activate IgE-sensitized mast cells by enhancing the mitogen-activated protein kinase (MAPK) signaling pathway and that nano-SiO2 particles exposure could exacerbate allergic inflammation.



Materials and methods


Reagents and antibodies

Aluminum oxide (Al2O3, 20 nm and 26.93 μm), titanium oxide (TiO2, 20 nm and 1 μm), iron oxide (Fe2O3, 50 nm and 1 μm) and silicon dioxide (SiO2, 20 nm and 2.34 μm) were purchased from Shanghai YunFu Nanotechnology Co., Ltd. (Shanghai, China), Fuchen Chemical Reagent Co., Ltd. (Tianjin, China), and Aladdin (Shanghai, China). Monoclonal anti-dinitrophenol (DNP)-IgE antibody, DNP-human serum albumin (HSA), and 4-nitrophenyl N-acetyl-β-D-glucosaminide were obtained from Sigma–Aldrich (St. Louis, USA). Antibodies as against phosphor-JNK, JNK, phosphor-LYN, LYN, phosphor-Plcγ1, Plcγ1, phosphor-P38, P38, phosphor-ERK1/2, ERK1/2, NF-κB, and β-actin were obtained from Cell Signaling Technology Inc. (Danvers, MA). ERK inhibitor U0126-EtOH and p38 inhibitor SB203580 were purchased from MedChem Express (Monmouth Junction, NJ, USA), PE-anti-mouse CD117 (c-kit), APC-anti-mouse FcϵRIα, and FITC-anti-mouse IgE antibodies were purchased from Biolegend (San Diego, CA, USA). Recombinant interleukin (IL)-3 and stem cell factor (SCF) were purchased from PeproTech (Cranbury, NJ, USA). Evans blue and formamide were obtained from Dalian Meilun Biotechnology Co. Ltd. (Dalian, China). The ovalbumin (OVA; grade V) was purchased from Sigma Company (St. Louis, USA), and aluminum hydroxide was purchased from Thermo Fisher Scientific (Massachusetts, USA).



BMMC culture

Mouse bone marrow-derived mast cells (BMMCs) were isolated from BALB/c mouse femurs and cultured in complete RPMI-1640 with 100 U/mL penicillin, 100 U/mL streptomycin, 2 mM L-glutamine, 0.1 mM nonessential amino acids, 10% foetal bovine serum, 10 ng/mL IL-3, and 10 ng/mL SCF. After 4-6 weeks in culture, mast cell purity was evaluated by flow cytometry detection of cell-surface CD117 and FcϵRI expression.



Cell viability assay

The BMMCs were seeded in 96-well plates at a density of 1×105 cells/well and then were subsequently treated with Al2O3 (20 nm and 26.93 μm), TiO2 (20 nm and 1 μm), Fe2O3 (50 nm and 1 μm), and SiO2 (20 nm and 2.34 μm) at concentrations of 0, 50, 100, and 200 μg/mL for 1 hour. Cell viability was measured with the Cell Counting Kit 8 (CCK8) (Dojindo Laboratories, Tokyo, Japan) according to the manufacturer’s protocol.



Measurement of mast cell degranulation in the IgE and non-IgE Pathways

For the IgE pathway, the BMMCs were sensitized with 500 ng/mL mouse anti-DNP IgE for 12 hours and then washed with Tyrode’s buffer before being dispensed into 96-well plates. For treated samples, the particles were applied for 1 hour. The molecule inhibitors (ERK inhibitor U0126-EtOH 5 μM/L, and p38 inhibitor SB203580 10 μM/L), were also applied for 1 hour. Subsequently, after stimulation with 100 ng/mL DNP-HSA for 30 min, the supernatant and cell lysate were reacted for 1.5 hours with 1 mM 4-nitrophenyl-N-acetyl-β-D-glucosaminide at 37 °C. The reaction was stopped with 0.2 M glycine solution. The optical density (OD) at 405 nm was measured with Multiskan GO (Thermo Fisher Scientific, Massachusetts, USA). For the non-IgE pathway, the BMMCs were not sensitized with mouse anti-DNP IgE and directly treated with the particles for 1 hour after seeding in 96-well plates. Compound 48/80 (Sigma–Aldrich, St. Louis, USA) served as the positive control. The β-hexosaminidase (β-hex) release was evaluated using the following formula: β-hex release (%) = absorbance of supernatant/(absorbance of supernatant + absorbance of cell lysates) × 100%.



Experimental procedure for animal experiments

Female BALB/c mice, 6-8 weeks old, were purchased from Charles River Laboratories (Beijing, China) and used after 1 week of quarantine and acclimatization. All mice were maintained at conventional animal facilities under standard conditions. All animal use procedures were conducted in accordance with the National Institutes of Health and approved by Nanjing Medical University’s Institutional Animal Care and Use Committee (IACUC-2007037).

For the IgE-mediated PCA model, 20 female BALB/c mice were randomly divided into four groups: blank group, SiO2 group, DNP-HSA group, and DNP-HSA+SiO2 group. Briefly, BALB/c mice were injected intradermally with 500 ng of anti-DNP IgE into the left ear. After a 24-hour infiltration period, 200 μl of 5 mg/ml Evan’s blue solution containing 100 μg DNP-HSA and/or 10 mg/kg nano-SiO2 particles (about 200 μg/per mouse) was administered into the tail vein. One hour after the challenge, skin areas were photographed, and the thickness of the ears was measured with a dial thickness gauge after which the mice were euthanized. The dye was extracted from dissected ears in 700 μl of formamide for 12 hours at 62°C and quantitated by a spectrophotometer at 620 nm.

For the allergic asthma mouse model, 24 female BALB/c mice were randomly divided into four groups: blank group, OVA group, SiO2 group, and OVA+SiO2 group. The mice were sensitized on Days 0, 7, and 14 by an intraperitoneal injection of 50 μg of OVA (Sigma–Aldrich, Grade V) emulsified with 4 mg of aluminum hydroxide (Thermo Scientific) in 200 μL of phosphate-buffered saline (PBS). On Days 15 to 21, mice in the SiO2 and OVA+SiO2 groups were exposed to SiO2 solution (500 μg/mL, 50 µl per mouse) via intranasal instillation. On Days 19-21, mice in the OVA and OVA+SiO2 groups were challenged with a 1% (W/V) OVA solution via intranasal instillation.



Measurement of airway hyperresponsiveness

Twenty-four hours after the last intranasal OVA challenge, airway hyperresponsiveness (AHR) in response to inhaled aerosolized methacholine was measured using the FlexiVent system (SCIREQ, Montreal, Canada) following the manufacturer’s protocol. The mice were subjected to tracheostomy and endotracheal intubation after anaesthetization with 50 mg/kg pentobarbital sodium (Sigma–Aldrich, St. Louis, USA) by intraperitoneal injection, and then the mice were connected to a ventilator. Aerosolized normal saline (0.9% NaCl) or a dose of methacholine (Sigma–Aldrich, St. Louis, USA) (6.25, 12.5, 25, and 50 mg/mL) was administered to the mice via a nebulizer. AHR was assessed by measuring the changes in lung resistance.



Measurements of IgE, cytokines, histamine, and tryptase in BALF and serum

After measurement of AHR, bronchoalveolar lavage fluid (BALF) was collected by instilling and retrieving 0.5 mL of cold PBS into the lung tissues three times. Then, BALF was centrifuged at 1500 rpm for 10 min at 4°C, and supernatants were stored at −80°C until further use. The cell pellets were resuspended in 50 µL of sterile PBS to calculate the total cell counts using the TC20™ Automated Cell Counter (Bio–Rad Laboratories, Inc.). The levels of IL-4 and IL-6 in BALF supernatant were detected using a commercial ELISA kit (Multisciences (Lianke) Biotech Co., Ltd, Hangzhou, China) according to the manufacturers’ instructions. Blood was collected at the end of the experiment, and serum was acquired after allowing the blood to stand at room temperature for at least 2 hours. The levels of OVA-specific IgE (Cusabio Technology LLC, Wuhan, China), histamine (Elabscience Biotechnology Co., Ltd., Wuhan, China), and tryptase (Cusabio Technology LLC, Wuhan, China) in BALF and serum were measured using a commercial ELISA kit according to the manufacturers’ instructions.



Lung histology and immunohistochemistry

For histological analysis, the left lung tissues were fixed in 10% neutral-buffered formalin (Biomics Biotech, Nantong, China). Paraffin-embedded lung tissues (5 mm thick) were subjected to hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS) staining to evaluate tissue inflammation and goblet cell metaplasia. Histological scores were determined by randomly selecting 6-8 different fields under a microscope and evaluated by a pathologist. The numbers of peribronchial and perivascular infiltrating inflammatory cells were scored as follows: 0, no cells; 1, a few cells; 2, a ring of inflammatory cells, one cell layer of peribronchial cells; 3, a ring of inflammatory cells, two to four cell layers of peribronchial cells; and 4, a ring of inflammatory cells, more than four cell layers of peribronchial cells. The mucus hypersecretion score by PAS staining was determined as follows: the percentage of the mucus-positive area of the whole bronchus was 0, ≤5%; 1, 5%-25%; 2, 25%-50%; 3, 50%-75%; and 4, >75%.

Immunohistochemistry of mast cell tryptase in lung tissue was performed using an anti-mast cell tryptase antibody (Affinity Biosciences, cat.DF6758). Heat-mediated antigen retrieval was performed after deparaffinization. The tissue sections were blocked with goat serum. Then, the tissue sections were incubated with 1 μg/mL rabbit anti-mast cell tryptase antibody overnight at 4°C. The sections were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody at 37°C for 40 min. The tissue sections were developed using Streptavidin-Biotin-Complex (SABC) with diaminobenzidine (DAB) as the chromogen.



Transmission electron microscopic analysis

For TEM analysis, mast cells were fixed with a fixative solution containing 2% paraformaldehyde and 2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). Cells were then postfixed in 1% OsO4 at 4°C for 2 hours. After rinsing the fixative solution from the cells, the samples were dehydrated with a graded series of ethanol and embedded in epoxy resin. Thin sections were cut with a diamond knife and mounted on copper grids. The grids were stained for 30 min each in Reynolds’s lead citrate and aqueous uranyl acetate. Ultrathin sections (thickness 70 nm) were observed under an electron microscope (HT7700, HITACHI, Japan) at 80 kV.



Scanning transmission X-ray microscopy, STXM

The mast cells were detached from the culture medium and washed with phosphate-buffered saline (PBS) three times. Then, they were fixed with 10% neutral formalin for 10 min and dehydrated by a graded dehydration series of ethanol solution, including 70% (40 min), 80% (15 min), 90% (10 min), and 100% (10 min) ethanol solutions, at room temperature (19). Finally, the cell suspension was dropped onto a special microporous gold mesh (UltrAuFoil, Ted Pella Inc.). The mesh size was 2 μm, and the thickness of the gold mesh was only 50 nm, so soft X-rays could still be effectively transmitted. The key question of the possible intake of silicon dioxide nanoparticles by mast cells was studied by scanning transmission microscopy (STXM) at beamline station BL08U1a at Shanghai Synchrotron Radiation Facility (SSRF) (20). The microscope used a soft X-ray in the energy ranging from150-2000 eV to image a sample. The dual-energy imaging method was used in the experiment (21), whereby the value of dual-energy was set as 1840 eV for pre-edge and 1848 eV for on-the-edge. The energy value was calibrated against the reference spectrum recorded from a standard sample (nano-SiO2).



Flow cytometry detection

Mature BMMCs were collected in 6-well plates. Nano-SiO2 was incubated with non-IgE-sensitized BMMCs for 12 hours and then added APC anti-mouse FcϵRIα antibody (Biolegend, CA, USA) to detect the effect of nano-SiO2 exposure on the expression of FcϵRI in unsensitized mast cells. Similarly, BMMCs were first incubated with anti-DNP IgE to sensitize, washed to remove unbound anti-DNP IgE, then treated with nano-SiO2 and anti-DNP IgE, and finally added APC anti-mouse FcϵRIα antibody (Biolegend, CA, USA) and FITC anti-mouse IgE antibody (Biolegend, CA, USA) to detect the effect of nano-SiO2 exposure on FcϵRI expression and IgE binding in IgE-sensitized mast cells.



Transcriptome sequencing

Mature BMMCs were collected after treatment with nano-SiO2 particles for transcriptome sequencing analysis. The experiment was divided into four groups: blank control, DNP-HSA, SiO2, and DNP-HSA+SiO2. We performed 2×150 bp paired-end sequencing (PE150) on an Illumina Novaseq™ 6000 (LC-BioTechnology CO., Ltd., Hangzhou, China) following the vendor’s recommended protocol. Bioinformatics analysis was performed using the OmicStudio tools at https://www.omicstudio.cn/tool.



Western blotting

Western blotting was used to investigate the effects of nano-SiO2 particles on the activation of the FcϵRI signaling regulatory proteins LYN and Plcγ1 and the MAPK signaling proteins P38, JNK, ERK1/2, and NF-κB. BMMCs were sensitized with 500 ng/mL DNP-IgE overnight, washed twice with Tyrode’s buffer, and placed in Tyrode’s buffer. After incubating with or without nano-SiO2 particlesat 37°C for 1 hour, BMMCs were stimulated with 100 ng/mL DNP-HSA for 5 to 30 min. Cells were lysed in RIPA buffer (Beyotime, Beijing, China) with protease inhibitor cocktail (Med Chem Express, Monmouth Junction, NJ) and phosphatase inhibitor cocktail (Beyotime, Beijing, China). Cell lysates were centrifuged at 12,000 rpm for 15 min. Supernatants were mixed with a loading sample buffer (Thermo Fisher Scientific) and denatured by heating for 10 min at 100°C. Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes (Merck Millipore, Billerica MA). After incubation with a primary antibody in Tris-buffered saline with 0.1% Tween 20 buffer that containing 5% bovine serum albumin, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies for 1 hour at room temperature with shaking. Chemiluminescence reagents (Biosharp, Hefei, China) were applied according to the manufacturer’s protocol. Western blot images were captured using a Tanon 5200 Multi chemiluminescent imaging system (Tanon Science & Technology Co., Ltd, Shanghai, China).



Statistical analysis

Descriptive parameters, such as the means and standard deviations (SD) and the frequencies and percentages for categorical data, were calculated. For normally distributed data, the independent Student’s t test or one-way analysis of variance (ANOVA) was used to compare different groups. P<0.05 was considered statistically significant. Analyses were performed using GraphPad Prism version 8.0 software (GraphPad Software, Inc., San Diego, CA, USA).




Results


Cytotoxicity of particle exposure on mast cells

First, we determined whether the different-sized particles posed toxic effects on mast cells. BMMCs were incubated with different doses of particles of different sizes (0 to 200 μg/mL). As shown in Figure 1A, the results suggested that exposure to high doses (200 μg/mL) of the particles could induce pronounced toxicity to mast cells. In contrast, some particles at low doses (50 and 100 μg/mL) showed minimal toxic effects on BMMCs. Among the particles, both 50 nm and 1 μm Fe2O3 showed strong cytotoxicity with increasing concentration.




Figure 1 | Particle exposure induced cytotoxicity and degranulation of mast cells. (A) Cytotoxicity of particle exposure on mast cells. (B) Non-IgE pathway-mediated mast cell activation. BMMCs were not sensitized with anti-DNP IgE and directly treated with particles of different sizes. Compound 48/80 was used as the positive control. The comparator was the blank control. (C) BMMCs were sensitized with anti-DNP IgE before treatment with different particle sizes but without DNP-HSA stimulation. DNP-HSA stimulation was used as the positive control. The comparator was the blank control. (D) IgE-mediated mast cell degranulation. BMMCs were sensitized with anti-DNP IgE before treatment with particles of different sizes and stimulated with DNP-HSA. The comparator was the DNP-HSA stimulation group. (E) Effects of different doses of 20 nm SiO2 exposure on FcϵRI-mediated mast cell degranulation. All data are presented as the mean ± SD. The unpaired t test or ordinary one-way ANOVA was used to compare different groups. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.





Particle exposure to non-IgE- and IgE-mediated mast cell degranulation

Mast cell degranulation was assayed by measuring the release of β-hexosaminidase by mast cells into the culture supernatants. For non-IgE pathway-mediated mast cell activation, compared with the blank control, SiO2 (20 nm and 2.34 μm), Al2O3 (26.93 μm), and Fe2O3 (50 nm and 1 μm) showed stimulatory effects on mast cell activation with statistical significance at 100 μg/mL. However, the activation effects were very slight to a certain degree, while Fe2O3 probably had a cytotoxic effect on mast cells (Figure 1B). The activation effects were even milder at low concentrations (25 and 50 μg/mL). Conversely, for IgE-mediated mast cell degranulation, the BMMCs were sensitized with anti-DNP IgE before the addition of the particles at different doses. Compared with the blank control, only the 20 nm SiO2 particles at 100 μg/mL significantly activated mast cells after IgE sensitization, improving the activation rate by approximately 10%, while other particles stimulation alone did not (Figure 1C). Interestingly, when IgE-sensitized mast cells were first incubated with the particles and then activated by the addition of DNP-HSA, compared with the DNP-HSA stimulation positive control, only the 20 nm SiO2 particles at 100 μg/mL significantly increased the release of β-hexosaminidase, improving the activation rate by over 10%, while other particles’ stimulation alone did not (Figure 1D). However, at low concentrations (25 and 50 μg/mL), none of the particles with or without DNP-HSA stimulation significantly activated mast cells. In addition, a dose-response relationship was observed for 20 nm SiO2 particles exposure with increasing DNP-HSA stimulating concentrations. Mast cells showed the most significant activation effect at a 20 nm SiO2 particles concentration of 100 μg/mL and DNP-HSA concentration of 100 ng/mL (Figure 1E).



Nano-SiO2 particles Promote IgE-mediated PCA mouse model

We used an IgE-mediated PCA model to examine the effects of nano-SiO2 particles on IgE-mediated allergic reactions in vivo, which was quantified by the amount of Evan’s blue dye in the IgE-sensitized mouse area. As shown in Figure 2, compared with the blank group, Evan’s blue extravasation (Figures 2A, B) and ear thickness (Figure 2C) in mice were significantly increased after treatment with nano-SiO2 particles and DNP-HSA, demonstrating vascular hyperpermeability. Compared with the DNP-HSA group, the nano-SiO2 particles treatment significantly enhanced Evan’s blue extravasation.




Figure 2 | Nano-SiO2 particles promote IgE-mediated PCA in mice. (A) Representative images of PCA mouse ears. (B) Nano-SiO2 particles increase PCA-induced Evan’s blue extravasation (OD620nm) and (C) promote PCA-induced ear thickening. The data are presented as the mean ± SD. The unpaired t test or ordinary one-way ANOVA was used to compare different groups. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.





Nano-SiO2 particles exposure exacerbates OVA-induced allergic asthma

We used an OVA-induced allergic asthma mouse model to further verify whether nano-SiO2 particles could activate mast cells in vivo and the effects of nano-SiO2 particles on the development of OVA-induced allergic asthma airway inflammation in mice. Several parameters related to airway inflammation and bronchial hyperresponsiveness were determined to evaluate the impact of nano-SiO2 particles exposure on the morphological abnormality and dysfunction of the airway.

Airway hyperresponsiveness (AHR) was measured after the last intranasal OVA challenge. Compared with the PBS-treated blank group, airway resistance (Rrs) values were significantly elevated to various degrees in the SiO2 exposure, OVA, and OVA+SiO2 groups (Figure 3B). In particular, the Rrs values were significantly increased in the OVA+SiO2 compared with the OVA group (P<0.01). These data suggested that exposure to nano-SiO2 particles could affect airway function and increase airway resistance.




Figure 3 | Effect of 20 nm SiO2 exposure on the allergic asthma mouse model. (A) The schedule for the OVA-induced asthma model and the procedure of intranasal instillation of 20 nm SiO2 or PBS in the OVA-induced asthma model. (B) Measurement of airway hyperresponsiveness in the OVA-induced asthma model. The values of respiratory system resistance (Rrs) were measured 24 h after the last OVA challenge by exposure to increasing doses of methacholine. Data are presented as the mean ± SEM. (C, D) Levels of OVA-specific IgE in BALF and serum. (E) Total cell counts in BALF of the OVA-induced asthma model. Data are presented as the mean ± SD. (F, G) Levels of IL-4 and IL-6 in BALF supernatant of the OVA-induced asthma model. Data are presented as the mean ± SD. The unpaired t test or ordinary one-way ANOVA was used to compare different groups. *P < 0.05, **P < 0.01, ****P < 0.0001. ns, no significance.



IgE, cytokines, and histamine are important inflammatory transmitters and activators in allergic respiratory diseases. The levels of OVA-specific IgE (sIgE), histamine, and tryptase in BALF and serum were measured. As shown in Figure 3, compared with the OVA alone group, the levels of OVA-sIgE in serum were significantly increased when exposed to OVA+SiO2, although a similar trend was not observed in BALF (Figures 3C, D). Moreover, the total BALF inflammatory cells in allergic asthma mice exposed to nano-SiO2 particles were significantly higher than those in the blank and OVA groups (Figure 3E). The levels of IL-4 and IL-6 in the BALF supernatant were detected. Nano-SiO2 particles exposure significantly increased IL-4 and IL-6 in BALF between the OVA group and OVA+SiO2 group (Figures 3F, G). In addition, compared with that in the blank control group, IL-4 secretion, but not IL-6 secretion, was elevated in the SiO2 exposure group. Histamine levels in both serum and BALF were increased to varying degrees after exposure to nano-SiO2 particles compared with the blank control. Moreover, histamine was also significantly higher in the OVA+SiO2 group than in the OVA alone group (Figures 4A, B). However, exposure to nano-SiO2 particles did not significantly increase the level of tryptase secretion, nor did it show a difference between the OVA alone group and the OVA+SiO2 group (Figures 4C, D).




Figure 4 | The levels of histamine and mast cell tryptase in BALF and serum of the OVA-induced asthma model. Data are presented as the mean ± SD. The unpaired t test or ordinary one-way ANOVA was used to compare different groups. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, no significance.



Representative images of lung histology and immunohistochemistry are shown in Figure 5. The blank control group exhibited a normal lung tissue structure and clear pulmonary alveoli. The SiO2 exposure group showed slight congestion of the alveolar walls, slight thickening of the bronchiolar walls, and a small amount of inflammatory cell infiltration around the bronchioles. Histological analysis showed peribronchial and perivascular inflammation in all OVA-treated groups. OVA+SiO2 exposure induced more serious alveoli and bronchial injuries than OVA exposure alone. The inflammatory injury was characterized by hemorrhage, edema, a thickened alveolar wall, and pronounced inflammatory infiltrates within the interstitial and alveolar spaces. The alveolar cavity and bronchioles were structurally collapsed, and epithelial cells were destroyed, with more goblet cell hyperplasia. After exposure to nano-SiO2, airway inflammation and mucus hypersecretion scores were significantly elevated in the OVA+SiO2 group (Figures 5A, B). Moreover, the immunohistochemistry analysis of mast cell tryptase in lung tissue showed that the anti-mast cell tryptase antibody-positive cells had more aggregation in the OVA+SiO2 group than in the OVA alone group (Figure 5C). Taken together, our data indicated that nano-SiO2 particles exposure exacerbated allergic airway inflammation, triggered goblet cell proliferation, recruited mast cells, increased histamine secretion, and enhanced airway responsiveness.




Figure 5 | Representative images of lung histology and immunohistochemistry. (A) Lung tissue stained with hematoxylin and eosin (H&E) (× 200). (B) Lung tissue stained with periodic acid-Schiff stain (PAS) (× 200). (C) Immunohistochemistry analysis of mast cell tryptase in lung tissue. The arrow indicates anti-mast cell tryptase antibody-positive cells. Data are represented as the means ± SD. The unpaired t test was used to compare different groups. *P < 0.05, **P < 0.01, ****P < 0.0001.





STXM and TEM analyses show that nano-SiO2 can enter the mast cells

The results of dual-energy imaging of the two samples are shown in Figure 6A. Sample 16 was a dehydrated cell with silica particles (Figure 6Aa, b, c), and sample 27 was an empty cell for comparison (Figure 6Ad, e, f). Fig. (c) and (f) show the derived results of dual-energy imaging with diffuse distributions of yellow dots. Because the energy of the silicon K-edge was close to the upper limit of the energy range of the beamline, the light flux dropped to a low level. The counting rate of the signals was low, which led to a poor signal-to-noise ratio in the processed images, so it was impossible to obtain a clear and distinguishable element distribution map. Nevertheless, a statistical analysis of the frequency of occurrence of likelihood (FOL), “yellow dots” in the dual-energy map, could provide helpful hints as to whether SiO2 particles were included in the sample. A statistical box with a size of 1 μm × 1 μm, shown as white-dashed boxes in the figure, was used in the analysis. They were chosen to be positioned over mesh holes where X-rays have better penetration and therefore more effective signals for silicon content. From the direct-scanned images of Figure (d) and (e), it could be seen that there was no cell coverage on the golden mesh in the Y1 and Y2 areas, so the FOL should be mainly from the background noise. The gold mesh in area J1 was covered with cells, but its FOL was the same as that for the bare area within the error bar of the statistical range (Table 1). This result suggested that sample 27 was an empty cell. The same method was used to analyze sample 16 (Figure c). The direct-scanned images are in Figure 6Aa, b) revealed no obvious cell sample coverage on the golden mesh in areas X1 and X2, and the FOLs for both were relatively close (Table 1), which could be considered background noise. The gold mesh of the I1 region was covered with cells, and a high FOL was recorded, which was almost doubled, strongly suggesting that the cells were loaded with SiO2 particles. Furthermore, we noted that the background noise for sample16 was greater than that for sample 27, which was related to the instrument and did not necessitate cross-checking. To summarize the dual-energy imaging results, clear elemental distribution mapping was not possible due to the low signal-to-noise ratio. Nevertheless, a statistical analysis of loaded cell samples demonstrated a high FOL number in the area covered by cells, suggesting the presence of silicon nanoparticles in the cells.




Figure 6 | STXM and TEM analysis. (A) Comparison of dual-energy imaging between cells (samples #16) loaded with SiO2 nanoparticles, images shown in (a), (b), (c), and empty cells (sample #27), with the images shown in (d, e, f). (B) SiO2 promoted mast cell degranulation. (a). Transmission electron microscope image of 20 nm SiO2 (×1000 k, bar=50 nm). (b–e). Representative transmission electron microscope images of mast cells. b: Blank group (×2.5 k, bar=2 μm); c: DNP-HSA group (×2.0 k, bar=2 μm); d: DNP-HSA+SiO2 group (×2.5 k, bar=2 μm; ×10 k, bar=500 nm); e: SiO2 group (×3.0 k, bar=2 μm).




Table 1 | Statistical analysis of FOL on samples at various areas marked by white-dashed boxes.



We further investigated whether nano-SiO2 particles could enter mast cells and promote degranulation. The morphology of mast cells and SiO2 was investigated by transmission electron microscopy (TEM). Compared with the control group, the cells treated with DNP-HSA or DNP-HSA+SiO2 exhibited obvious morphological changes, such as deformation, shrinkage, secretory granule release, sparse intracellular particles, and vacuolated cytoplasm, altogether indicating the occurrence of degranulation (Figure 6B) (22). However, there was no clear morphological change in mast cells in the SiO2 group, which seemed to indicate that treatment with SiO2 alone was insufficient to cause obvious degranulation. Compared with the DNP-HSA group, an increased degree of intracellular vacuoles was observed in DNP-HSA+SiO2. Moreover, we found nano-SiO2 particles inside the mast cells. These results showed that nano-SiO2 particles could enter the mast cells and exert a synergistic sensitization effect through the IgE pathway.



Effects of nano-SiO2 exposure on the gene expression profile in mast cells

To deeply investigate the details of the nano-SiO2 particles effects, we examined the gene expression profile alterations after nano-SiO2 particles treatment in BMMCs. The difference analysis between the groups showed that 285 genes were significantly expressed after treatment with nano-SiO2 particles. The differentially expressed genes were further searched and analyzed in the GeneCards database, and 135 differentially expressed genes were found to be related to oxidative stress, suggesting that the exposure of nano-SiO2 particles may cause oxidative stress in mast cells.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were used to analyze these differentially expressed genes. As shown in Figure 7A, in terms of biological process, differentially expressed genes were mainly enriched in transcriptional regulation, signal transduction, apoptosis process, inflammatory response, cell proliferation, phosphorylation, and positive regulation of ERK1/2 cascade, etc. In terms of cellular component, the cellular structural positions where differentially expressed genes perform their functions were mainly located in the nucleus, cytoplasm, and cell membrane. In terms of molecular function, the activities of gene products at the molecular level mainly involved protein binding, metal ion binding, DNA and nucleic acid binding, and hydrolase activity. Further, taking the Top 20 terms with the smallest p-value for GO enrichment scatterplot display, GO enrichment analysis showed that the genes were enriched in MAP kinase tyrosine/serine/threonine phosphatase activity, protein tyrosine/threonine phosphatase activity, and regulation of the ERK1 and ERK2 cascades (Figure 7B). As shown in Figure 7C, the KEGG enrichment bar plot showed that the differentially expressed genes covered the KEGG Main Class, involving several secondary classifications such as cell growth and death, signal transduction, environmental adaptation, metabolism, and immune system, etc. The KEGG pathway enrichment analysis demonstrated that the differentially expressed genes were primarily involved in cytokine-cytokine receptor interactions, the NF-κB signaling pathway, and the MAPK signaling pathway (Figure 7D). We further screened differentially expressed genes related to the MAPK signaling pathway, NF-κB signaling pathway, and ERK1/2 cascade positive and negative regulation for cluster analysis. A total of 45 differentially expressed genes were screened (Figure 7E). Compared with the blank group, both nano-SiO2 exposure and DNP-HSA stimulation increased the expression of genes related to the MAPK signaling pathway in mast cells to varying degrees. Exposure to nano-SiO2 significantly up-regulated the expression of genes such as Areg, Ptgs2, Tnf, Hspa1a, Map3k8, Malt1, Ccl3, Ccl4, and Il6.




Figure 7 | Nano-SiO2 exposure affects the gene expression profile. (A) Gene Ontology (GO) enrichment barplot analysis. (B) GO enrichment scatterplot analysis. (C) Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway enrichment barplot analysis. (D) KEGG pathway enrichment scatterplot analysis. (E) Heatmap of clustering analysis for differentially expressed genes related to signaling pathway.





Nano-SiO2 exposure enhances the MAPK signaling pathway

First, we investigated whether nano-SiO2 particles affected the expression of high-affinity IgE receptors (FcϵRI) in mast cells and the ability to bind IgE. BMMCs showed no significant difference in FcϵRI expression after incubation with SiO2 particles compared to the blank control (Figure 8A). Then, BMMCs were sensitized by incubation with anti-DNP-IgE, washed to remove unbound IgE, and treated with SiO2 particles. Flow cytometry detection revealed no significant differences in FcϵRI expression or IgE binding capacity compared to the blank control (Figures 8B, C). Overall, the above data confirmed that nano-SiO2 particles exposure did not affect the expression of FcϵRI or the ability of mast cells to bind IgE.




Figure 8 | FcϵRI-mediated signaling in mast cells. (A) BMMCs were not sensitized with anti-DNP IgE and treated with nano-SiO2. The results showed no significant difference in FcϵRI expression compared to the blank control. (B, C) BMMCs were sensitized with anti-DNP IgE and washed to remove unbound anti-DNP IgE before treatment with nano-SiO2. There were no significant differences in FcϵRI expression (B) or IgE binding capacity (C) compared to the blank control. (D–G) BMMCs were sensitized with anti-DNP-IgE, treated with nano-SiO2, and stimulated with DNP-HSA. The cell lysates were analyzed by Western blotting with different antibodies against the NF-κB proteins and the phosphorylated and nonphosphorylated forms of the p38, ERK1/2, JNK, LYN, and Plcγ1 proteins. Relative density bars represent the means ± SD. (H) β-hexosaminidase release ratio from activated BMMCs pretreated with signaling inhibitors (ERK inhibitor U0126-EtOH 5 μM/L and p38 inhibitor SB203580 10 μM/L). The unpaired t test or ordinary one-way ANOVA was used to compare different groups. *P < 0.05, **P < 0.01, ****P < 0.0001. ns, no significance.



Given the transcriptome sequencing analysis results, we further investigated the signaling pathways involved in mast cell activation. BMMCs were sensitized with anti-DNP-IgE, treated with nano-SiO2 particles, and stimulated with DNP-HSA. Cell lysates were analyzed by Western blotting with different antibodies. As shown in Figures 8D–G, the results indicated that nano-SiO2 particles treatment upregulated p-ERK1/2 expression based on DNP-HSA stimulation. Nano-SiO2 particles treatment increased p-p38 expression compared with the blank control, while this trend was not observed after DNP-HSA stimulation. The expression of NF-κB, p-Plcγ1 and p-JNK was upregulated after mast cell activation, but no significant differences were observed between the DNP-HSA stimulation group and the DNP-HSA+SiO2 group. Taken together, nano-SiO2 particles stimulation may synergistically activate mast cells by enhancing the MAPK signaling pathway, especially the phosphorylation levels of ERK1/2.

Next, we validated using the MAPK signaling inhibitors (ERK inhibitor U0126-EtOH and p38 inhibitor SB203580). As shown in Figure 8H), when the BMMCs were pretreated with signaling molecule inhibitors, the β-hex release ratio of the SiO2 group, the DNP-HSA group, and the DNP-HSA+SiO2 group all decreased to varying degrees, and the differences were statistically significant (P<0.0001). Compared with the 10 μM/L p38 inhibitor, the inhibitory effects of the 5 μM/L ERK inhibitor were more obvious, and the β-hex release ratio was reduced by about 10%-25%.




Discussion

An increasing number of observational studies have demonstrated that air pollution has an adverse impact on allergic respiratory disease. Air pollution exposure is associated with increased asthma and allergy morbidity and is a suspected strong risk factor for the increasing prevalence of allergic conditions (23–25). However, how the different components or PM with different particle sizes in air pollution affect the allergic response is unclear. In the present study, we explored the effects of four common mineral elements with different particle sizes in smog particles on mast cell activation. The results showed that nano-SiO2 particles stimulation might synergistically activate IgE-sensitized mast cells by enhancing the MAPK signaling pathway, and nano-SiO2 particles exposure could exacerbate allergic inflammation in an OVA-induced asthmatic mouse model.

Mast cells play an essential role in various allergic disorders, acting as the first line of defense in response to external environmental stimuli (13). Activated mast cells release various mediators, including histamine and inflammatory cytokines in response to various stimuli (26). Numerous studies have confirmed that PM2.5 can promote mast cell degranulation, increase the release of inflammatory cytokines, and aggravate allergic diseases (27–29). However, only a few studies have examined the effects of pollutant components on allergic diseases because pollutants derive from different sources and vary in composition and toxicity (30). In our previous study, nine typical water-soluble inorganic salts (ammonium nitrate, ammonium sulfate, ammonium chloride, sodium nitrate, anhydrous sodium sulfate, potassium nitrate, potassium sulfate, calcium nitrate, and calcium sulfate) and three water-soluble organic acids (malonic acid, succinic acid, oxalic acid) were selected in PM2.5 to investigate the cytotoxicity and activation effect on mast cells. These results indicated that nine typical water-soluble inorganic salts could not induce the release of β-hex on BMMCs through either the IgE pathway or the non-IgE pathway (16). In water-soluble organic acids, only malonic acid was observed to have a very weak activation effect on BMMCs. In the present study, we found that different particle sizes of Al2O3, Fe2O3, and SiO2 showed a slight activation effect on mast cell β-hex release in the non-IgE pathway. We also found that SiO2 at 20 nm was able to increase β-hex release from IgE-sensitized mast cells, while Al2O3, TiO2, Fe2O3, and SiO2 (2.34 μm) did not. Depending on their size and mass, particles can reach different sites within the respiratory tract. For example, PM10 can enter the upper airways, while finer particles, such as PM2.5 and PM0.1, can enter the terminal bronchioles and alveoli. If the particles are small enough, they can enter the blood, which in turn can affect other organ systems (31, 32). In our experiments, due to the different masses of particulate matter, its sedimentation speed in the medium was different, resulting in a difference in the time of sufficient contact with mast cells. In addition, there may also be differences in the uptake capacity of mast cells to different particle sizes. However, the TEM and STXM results showed that 20 nm SiO2 particles could enter the mast cells and exert a sensitizing effect. Importantly, we cannot ignore the effect of the protein composition of the cell culture medium on particulate matter. Particles may be bound or coated by bioactive proteins in the medium, which not only impacts the behavior of nanoparticles but also affects the bound proteins. Therefore, in our experiments, only nano-SiO2 particles was observed to promote the activation of IgE-sensitized mast cells, but this did not exclude those other particles that would not affect mast cells. In fact, several studies have investigated the effects of the chemical composition and redox activity of particles on exacerbating allergic airway sensitization and the type of immune response (33–36). Although our study attempted to investigate the effects on mast cells from single particles of different sizes, further research is needed to understand the immune-modulatory effects of different particles in pollutants and the impact of particle material, other sizes, and surface coating.

Given the results of the in vitro cellular experiments, we further verified the effect of nano-SiO2 particles on allergic diseases in vivo. The PCA ear model is a typical acute allergic animal model wherein allergic reactions are induced by antigen stimulation of mast cells in ear skin, which is widely used in the screening of anti-allergic drugs and drug safety assessment (37, 38). In our PCA mouse model, Evan’s blue extravasation in mice was significantly increased after treatment with nano-SiO2 particles, which indicated that the nano-SiO2 particles exposure might promote the local IgE-sensitized mast cell activation and allergic mediators’ secretion, thereby increasing the permeability of local blood vessels and aggravating allergic reactions. Coexposure to nano-SiO2 particles plus OVA sensitization caused an enhancement of allergic airway inflammation compared with OVA alone. This adjuvant-like effect was manifested by significantly greater OVA-specific serum IgE, airway hyperresponsiveness, lung inflammation injury, mucous cell metaplasia, and cytokine expression compared with mice sensitized to OVA without nano-SiO2. Our findings were consistent with those of other studies. Han et al. reported that silica nanoparticles with OVA induced more significant inflammatory cell infiltration in BALF, extensive pathological changes, and higher cytokine levels than silica nanoparticles alone or saline/OVA. In particular, mesoporous-type silica nanoparticles showed the most severe airway inflammation in both direct toxicity and adjuvant effect assays (39). Brandenberger et al. suggested that engineered silica nanoparticles promoted the immunologic response towards the allergen and thereby potentiated the adverse allergic responses in the pulmonary airways, and the adjuvant effects of silica nanoparticles were Th2/Th17 related (40). One murine model experiment showed that SiO2 induced epithelial cells to express IL-33, which in turn activated innate lymphoid cells to produce IL-5 and/or IL-13, contributing to the exacerbation of OVA-induced airway inflammation (41). Another study indicated that silica nanoparticles aggravate airway inflammation and asthma development by increasing the protein expression levels of thioredoxin-interacting protein (TXNIP) and the NOD-like receptor pyrin domain-containing 3 (NLRP3) inflammasome (42). However, Shin JH et al. conducted a subacute inhalation toxicity study of synthetic amorphous silica nanoparticles at low, middle, and high concentrations in rats using a nose-only inhalation system. They did not observe any toxic effects on the lungs of rats at any concentration (43). In Horie M’s study, SiO2 nanoparticles did not affect OVA-specific IgE and IgG1 levels and did not show the potential to aggravate allergic reactions (36).

Obviously, the effect of SiO2 particles exposure on the body is a very complex process, and the airway epithelial cells and alveolar macrophages are undoubtedly the most concerned. Studies have pointed out that occupational mineral dusts and air pollutant particles can induce airway wall remodeling (44, 45). Using the human airway epithelial cells 16HBE or primary cultured mouse tracheobronchial epithelial cells, researchers found that SiO2 nanoparticles could inhibit the responses to ATP and inhibit cation channel transient receptor potential vanilloid 4 (TRPV4) in airway epithelial cells, and result in epithelial barrier dysfunction (46, 47). In vitro and in vivo experiments demonstrated that SiO2 particles exposure not only caused rapid NLRP3-dependent mitochondrial depolarization and DNA damage in airway epithelial cells but also led to ultrastructural defects in airway cilia and mucus hypersecretion (48, 49). Besides, one review concluded that SiO2 particles might bind to the scavenger receptor of alveolar macrophages, followed by particle endocytosis with a respiratory burst to generate reactive oxygen species and reactive nitrogen species, which in turn activation of the protein kinase C mediated MAPK signaling cascades resulting in cytokine release (50). In our experiments, we attempted to evaluate the effect of nano-SiO2 on allergic asthma from the perspective of mast cells in vivo based on in vitro cell experiments that confirmed the activation of nano-SiO2 on mast cells. High inhalation doses of silica result in pulmonary fibrosis and silicosis, and silica exposure can activate various immune cells and cause a proinflammatory response (51, 52). We selected a relatively low-concentration nano-SiO2 exposure in vivo to avoid masking its synergistic sensitizing effect due to the apparent toxic reaction. Compared with the blank control group, the nano-SiO2 exposure alone group exhibited relatively mild pathological changes in the lung tissue, yet some changes persisted in lung function, histamine, and inflammatory factors. Compared with the OVA group, the results showed that nano-SiO2 exposure resulted in the accumulation of tryptase-positive cells in the airways and increased BALF histamine levels, which is associated with immediate allergic symptoms. These results suggested that airway exposure to nano-SiO2 could exacerbate allergic airway inflammation, trigger mast cells, increase histamine secretion, enhance airway responsiveness, and foster more serious manifestations of allergic airway disease.

Finally, we studied the effect of nano-SiO2 exposure on FcϵRI-mediated signaling. In vitro, we found that nano-SiO2 had a very slight activation effect on mast cells without IgE sensitization. However, when IgE-sensitized mast cells were first incubated with nano-SiO2 and then excited by the addition of DNP-HSA, the nano-SiO2 showed a synergistic effect, significantly increasing the release of β-hexosaminidase. Therefore, we first investigated whether nano-SiO2 affected the expression of FcϵRI in mast cells and the ability to bind IgE. The experimental results showed that nano-SiO2 exposure did not affect the expression of FcϵRI or the ability of mast cells to bind IgE but synergistically activated mast cells by enhancing the MAPK signaling pathway, especially the phosphorylation levels of ERK1/2, which was consistent with the results of transcriptome sequencing. The gene expression profile in mast cells showed the genes related to the MAPK signaling pathway in mast cells had significant changes, such as the Gadd45b and Nr4a1. The orphan nuclear receptor Nr4a1 promoted FcϵRI-stimulated mast cell activation and anaphylaxis by counteracting the inhibitory LKB1/AMPK axis (53). Gadd45b belongs to the Gadd45 (growth arrest and DNA damage-inducible 45) family of proteins and is involved in environmental stress. It was reported that PM2.5 can promote IgE-mediated mast cell activation through ROS/Gadd45b/JNK axis (54).

Of note, the mechanism underlying the impact of pollutants on diseases is extremely complex. Cao et al. found that PM2.5 could increase the viability of human airway smooth muscle cells, accompanied by increased airway hyperresponsiveness through the kallikrein-bradykinin pathway (29). In addition, Liu et al. confirmed that PM2.5 triggered airway inflammation and bronchial hyperresponsiveness in mice by significantly downregulating the expression and activity of SIRT2, accelerating p65 phosphorylation and acetylation, and activating the NF-κB signaling pathway (55). Specific to mast cells, our results were consistent with Jin’s study, which showed that PM2.5 exposure enhanced FcϵRI-mediated signaling and mast cell function due to increased phosphorylation of Syk, LAT, SLP-76, PLC-γ1, Akt, ERK1/2 or p38 and activated the PI3K and MAPK pathways (56). However, Wang et al. pointed out that PM2.5 treatment activated MEKK4 and JNK1/2 but not ERK1/2 and p38, facilitating IgE-mediated mast cell activation (54). Moreover, another study on silicosis found that silica can direct mast cell activation, resulting in inflammatory mediators, and enhance IgE-mediated cytokine, chemokine, and protease production. However, these effects were thought to occur in part through mast cell scavenger receptors instead of the alteration of FcϵRI-mediated signaling events (57). The cellular mechanisms regulating hyperallergic responses caused by pollutants have not been entirely elucidated. The role of biologically and nonbiologically active components in pollutants, in addition to PM2.5 and nano-SiO2, in allergic diseases and the underlying molecular mechanisms, still merit attention and further research.

Silica is the most common component found naturally in the Earth’s crust and is an important component of respirable particulate matter in urban areas (58). Due to their specific physicochemical properties, silica nanoparticles are widely used in many engineering and medical fields, including fabrication, drug delivery systems, cosmetics, and food packing (59). These factors undoubtedly increase the risk of SiO2 exposure. The high incidence of allergic diseases and the increasing exposure factors similar to nano-SiO2 have brought new challenges to preventing and treating allergic diseases. Moreover, our results provide useful information for explaining the acute exacerbation of symptoms and the increase in medical treatment in patients with allergic diseases in smoggy weather. The synergistic effects of nano-SiO2 exposure promoting mast cell activation in smoggy weather, even in thunderstorms may be one of the reasons for the aggravation of symptoms in allergic patients. Our results also suggest the need to avoid nano-SiO2 exposure in daily life, especially in individuals with allergic respiratory diseases.

Although in vitro and in vivo experiments are important for understanding the potential toxicology and immune response to air pollution, our experiments still have some limitations. First, pollutant exposure dosing shows significant effects, but whether these effects represent the density of particles deposited in the airway is questionable, as also observed in similar studies (60). The effects of exposure dose, effective concentration, sedimentation rate, and diffusion rate of particles on cell experiments need to be further evaluated. Second, exposure to particulate matter may involve numerous immune cells such as epithelial cells, macrophages, dendritic cells, and lymphocytes, despite the mast cells localized in the skin, mucous membranes, and airways that are in contact with the environment. The effects of SiO2 on the immune system and allergic diseases may be far more complex than we have observed. Therefore, there is a need to further study the effects of nano-SiO2 on immune cells and the impact of nano-SiO2 on airborne allergens.

In conclusion, our results indicated that nano-SiO2 stimulation might synergistically activate IgE-sensitized mast cells by enhancing the MAPK signaling pathway and that nano-SiO2 exposure could exacerbate allergic inflammation. Our experimental results provide useful information for preventing and treating allergic diseases.
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Background

Interleukin-17, the major proinflammatory cytokine secreted by Th17 cells, makes essential contribution to pathogenesis of severe asthma, while the detailed mechanisms, especially the involvement of microRNAs which are also important participants in asthma progression, remains largely unclear.



Methods

In this study, we established a house dust mite (HDM) extract-induced murine asthmatic models and the miRNA expression in the lung tissues of mice were profiled by miRNA microarray assay. The effect of miR-365-3p on IL-17-mediated inflammation was examined by qRT-PCR and immunoblotting analysis. The involvement of ARRB2 as target gene of miR-365-3p was verified by overexpression or RNA interference.



Results

HDM extract-induced asthmatic inflammation was proved to be IL17-mediated and miR-365-3p was screened out to be the only miRNA exclusively responsive to IL-17. miR-365-3p, whose expression was significantly downregulated upon IL-17 stimulation, was demonstrated to exert remarkable anti-inflammatory effect to decrease IL-17-provoked inflammatory cytokines (KC/IL-8 and IL-6) in both airway epithelial cells and macrophages of murine and human origins, verifying its universal antagonizing activity against IL-17-initiated inflammation across the two species. ARRB2 was characterized as the key target of miR-365-3p to negate IL-17-induced inflammatory cytokines.



Conclusion

Taken together, our data supported the notion that miR-365-3p, which was diminished by IL-17 in murine and human asthmatic pathogenesis, functioned as an essential negative mediator in IL-17-stimuated inflammatory response by targeting ARRB2, which would shed new light to the understanding and therapeutics thereof of asthmatic inflammation.
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Background

Asthma is a chronic inflammatory airway disease characterized by reversible airflow limitation with complicated pathogenesis involving variety of inflammatory cells and cytokines (1), of which Th17 cells, the crucial mediators between innate immunity and adaptive immunity, are shown to play essential roles in the inflammatory response in asthma (2). Our previous studies found that cytokines secreted by Th17 cells can induce the chemotaxis, proliferation and inflammatory responses of airway smooth muscle cells (ASMCs), revealing the unneglectable participation of Th17 cytokines in the remodeling of airway (3–5). IL-17 (also called IL-17A), the main contributor of the pro-inflammatory activity of Th17 cells (2, 6) has been demonstrated to be positively correlated with severity and steroid insensitivity of asthma (7, 8), whereas the detailed mechanisms remain to be explored.

MicroRNAs, the prominent regulators of gene expression by targeting mRNAs for degradation or translational suppression (9), also actively participate in the airway inflammatory response, as exampled by miR-21 that was identified as an essential regulator in Th1/Th2 imbalance and subsequent AHR, mucus formation and eosinophil infiltration in mice airway inflammation (10), miR34/449 that was suppressed by IL-13 to promote bronchial epithelial cells differentiation and proliferation (11), and miR-19a and miR-221 that played an essential role in proliferation of epithelial cells and airway smooth muscle cells in severe asthmatic patients (12, 13). Although the role of miRNA has been well recognized in asthma, its involvement in IL17-mediated asthmatic inflammation has not been fully understood (9, 14, 15). Nonetheless, a recent study revealed that miRNA was indispensable for IL-17 to induce secretion of inflammatory factors and chemokines by astrocytes in experimental autoimmune encephalomyelitis (16), implying the possibility that miRNA also participates in IL-17 -mediated asthmatic pathogenesis.

To investigate the role of miRNA in IL-17-dependent asthmatic inflammatory response, a chronic asthmatic animal model was established in wild type and IL-17- deficient mice. miRNA profiling assays and analysis revealed that miR-365-3p was significantly downregulated by IL-17. The further mechanistic study demonstrated that miR-365-3p was a negative regulator in IL17-mediated inflammation in both murine and human airway cells via miR-365-3p/ARRB2/cytokines axis, which may provide experimental evidence for the potential therapeutic targets of asthma.



Methods and materials


Animals and establishment of murine asthmatic models

C57BL/6 female mice (6-8 wk) were purchased from Charles River (Montreal, Canada). IL-17KO (IL-17A deficient) mice were prepared as previously described (17). All animals were treated and maintained under a protocol approved by the Animal Care Committee of McGill University, following guidelines set by the Canadian Council on Animal Use and Care. To establish asthmatic model, wild type and IL-17KO mice were exposed to purified home dust mite (HDM) extract (Greer Laboratories, Lenoir, NC) intranasally (25 μg of protein in 10 μl of saline) for 5 days/week for five consecutive weeks. The equivalent volume of saline was used as the control. Each group contained 10 mice. The mice were sacrificed 24 h after the last exposure.



Preparation of bronchoalveolar lavage fluid

The lungs were lavaged using a cannula inserted in the trachea and the lungs were instilled with 0.5 ml PBS. Cytospins were prepared at a density of 0.5 × 106 cells/ml. Differential cell counts were performed using standard morphological criteria on Hema-Gurr-stained cytospins (500 cells/sample) (Merck, Darmstadt, Germany).



Bronchoalveolar lavage cytokine analysis

Aliquots of cell-free bronchoalveolar lavage fluid (BALF) were frozen in liquid N2 and stored at -80°C. The levels of IL-17, IL-4, IL-5, IL-13 and KC in BALF were analyzed by the Bio-plex system (Bio-Rad, Mississauga, Ontario, Canada) performed in the Goodman Cancer Centre Transgenic Core Facility, McGill University, Canada.



Immunohistochemistry staining

The immunohistochemistry staining for IL-17A (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and α-SMA (Santa Cruz Biotechnology) was performed on paraffin-embedded mouse lung tissue sections as previously described (18).



miRNA expression array

Equal amount of RNA sample from each mouse of different groups was pooled individually for miRNA profiling assay using µParaflo®Microfluidic Biochip miRNA microarray (LC Sciences, Houston, USA).



Real-time quantitative RT-PCR

Three independent assays were performed using quantitative reverse transcription PCR (qRT-PCR) on all mouse samples for each individual miRNA (miR-207, miR-5112, miR-2861, miR-340-5p, miR-6238, miR-181c-5p, miR-6239, miR-365-3p and miR-133b-3p) (Qiagen, Hilden, Germany) and predicted target genes (FASL, TRAF3, ARRB2, Sgk1, PIK3R3, ADAM10 and ADM) (Bio-rad, Foster City, USA). The inflammatory cytokines expression in MLE-12, J774a.1, A549 and U937 cells were analyzed by qRT-PCR as well. Data were presented relative to U6 for miRNA and β-actin for target genes based on calculations of 2(−σCt). The primer sequences for target genes were listed in Table 1. Statistical significance was defined as p < 0.05 as measured by the t-test using GraphPad Prism 5 software (GraphPad, San Diego, USA).


Table 1 | The sequence of primers for real-time PCR.





Cell culture

MLE-12, 293T, J774a.1, U937 and A549 cell lines were purchased from ATCC (Manassas, VA). MLE-12 were cultured in HITES medium (50:50, DMEM-Ham’s F-12) supplemented with 2% FBS, 1:100 insulin/transferrin/selenium supplement. 293T and J774a.1 was maintained with high glycose DMEM with 10% FBS, while U937 and A549 were maintained in 1640 medium with 10% FBS. All the cells culture medium was supplemented with penicillin (100 U/ml) and streptomycin (100 μg/ml). Before the transfection, U937 was differentiated into macrophage-like cells by 72h stimulation with 200nM PMA (phorbol 12-myristate 13-acetate). HITES medium were purchased from Hyclone (Logan, UT, USA), while DMEM and 1640 medium were provided by Gibco (Grand Island, NY, USA). ITS supplement 100X, penicillin/streptomycin 100X and PMA were supplied by Sigma (St. Louis, MO, USA).



MiR-365-3p transfection

After 24 h of starvation with HITES medium containing 0.1% FBS, MLE-12 cells were cultured with different concentrations (0, 1, 10 and 100ng/ml) of mouse recombinant murine IL-17A (R&D Systems, Minneapolis, USA) for 24h, and the expression of miR-365-3p was examined by qRT-PCR. Alternatively, the mimic (100nM) of miR-365-3p was transfected into the MLE-12 cells using X-tremeGENE siRNA Transfection Regent (Roche, Penzberg, Upper Bavaria, Germany) in Opti-MEM (Gibco) for 24h. Expression of ARRB2 was examined by qRT-PCR and Western blot.

We cultured 4 kinds of cells for MiR-365-3p transfection, including MLE-12, J774a.1, U937 and A549. the cells were transfected with the mimic (100nM) of miR-365-3p for 6h, and 24h later, the transfected cells were incubated with 10ng/ml murine IL-17A or 100 ng/ml human IL-17A (R&D Systems). RNA samples were collected 3h after the IL-17A stimulation. qRT-PCR were performed to evaluate the level of cytokines in IL-17A treated cells.



Luciferase reporter assay

Sense and antisense sequences corresponding to a 406-bp fragment from the 3’UTR of ARRB2 with the predicted binding and mutated sites (position 236–243) were amplified from cDNAs of mouse lung tissue by using primers containing the SacI restriction site in the sense oligo and XbaI restriction site in the antisense oligo (Sense: 5’-ATCGAGCTCCTGTCCACCCGAGATACAC-3’; Antisense: 5’-AGCTCTAGAGGTACCCTGCAGATGTAGAA-3’; GenePharma, Shanghai, China). To construct luciferase reporter plasmids for ARRB2, the annealed synthetic oligos were cloned downstream to the firefly luciferase into SacI-XbaI double digested pmirGLO Dual-Luciferase miRNA target expression vector (Promega, WI, USA).

For the luciferase reporter assay, 293T cells were co-transfected with 250 ng of luciferase reporter plasmid harboring the wild type/mutant binding sites of ARRB2 respectively along with 25nM mimic control/miR-365-3p mimic using X-tremeGENE siRNA Transfection Regent (Roche) in Opti-MEM (Gibco). After 48h of transfection, cells were washed in PBS and lysed in Reporter lysis buffer (Promega), and luciferase activity was measured in a FlexStation 3 microplate reader (Molecular Devices, Sunnyvale, CA, USA) using the Dual-Luciferase reporter assay kit (Promega) according to the manufacturer’s instructions. Firefly luciferase activity was normalized to Renilla luciferase activity, and relative luciferase activity was calculated taking firefly luciferase activity of empty pmirGLO transfected cells as 100 percent.



ARRB2 overexpression and knockdown assay

Mouse ARRB2 mRNA was cloned from cDNA of mouse lung tissue by PCR, the primers containing NheI restriction site in the sense oligo and HindIII restriction site in the antisense oligo (Sense: 5’- CTAGCTAGCATGGGAGAAAAACCCGGGAC -3’; Antisense: 5’- CAGAAGCTTCTAGCAAAACTGGTCATCACAGTC-3’; TsingKe, Beijing, China). To construct ARRB2-overexpression vector, the gene were cloned into the multiple cloning site of NheI- HindIII double digested pcDNA3.1 plasmid (Invitrogen, CA, USA). To knock down the expression of ARRB2, the siRNA was purchased from TsingKe (Sense: 5’- GGACCAGGGUCUUCAAGAATT -3’; Antisense: 5’- UUCUUGAAGACCCUGGUCCTT-3’). For the ARRB2 overexpression or knockdown assay, the pcDNA3.1-ARRB2 plasmid (1μg) and ARRB2-siRNA (130ng) were transfected into MLE-12 cells by X-tremeGENE siRNA Transfection Regent (Roche) in Opti-MEM (Gibco). After 24h transfection, the transfected cells were treated with IL-17 (10ng/ml) for 3 hours and examined by qRT-PCR and Western blot.



Western blot

The protein samples of mouse lung tissue or MLE-12 cells were loaded (5 μg) on a 10% acrylamide SDS-PAGE gel (Bio-Rad, Hercules, USA) for protein separation, followed by transfer to PVDF membranes (Bio-Rad). The blots were then blocked with 1% BSA in 0.1% Tween 20/TBS for 1 h at room temperature and then incubated overnight at 4°C with antibodies specific for ARRB2 (Novus Biologicals, Centennial, CO, USA). After washing with 0.1% Tween 20 in TBS, the membranes were incubated with a 1: 3000 dilution of goat anti-rabbit IgG HRP (EMD Millipore Corp, Burlington, Massachusetts, USA) in 1% solution of powdered milk in TBS/0.1% Tween 20. The membranes were exposed to ECL solution (Bio-Rad) and imaged by chemiluminescence (Clinx Science Instrument, Shanghai, China).



Statistical analysis

Results are expressed as means ± SE. Statistical analysis for expression of IL-17A in mouse lung tissue (Figure 1A) was performed by Mann-Whitney test. The differences between the four groups of mice (Figures 1, 2, 3B, 6B and Supplementary Figures 1, 2) were evaluated by Kruskal-Wallis test. The results of cell culture experiments (Figures 3C, 4, 5, 6C–H) were assessed by t-test. Probability values of P < 0. 05 were considered significant. Data analysis was performed by using the GraphPad Prism 5 software (GraphPad, San Diego, CA, USA).




Figure 1 | IL-17 is necessary to maintain asthmatic phenotype in HDM-induced murine model. (A) The level of IL-17A in mouse Bronchoalveolar lavage fluid (BALF) detected by Bio-Plex. N=10. (B, C) IHC staining (B) and quantitative analysis (C) of IL-17 positive cells in mouse lung tissue section. The brown area represents IL-17 positive. Black arrows indicate stained macrophage. Scale bar =50μm. N=10. (D, E) IHC staining (D) and quantitative analysis (E) of airway smooth muscle mass (indicated by Alpha-Smooth Muscle Actin) in mouse lung tissue section. The brown areas represent the airway smooth muscle cells. Scale bars= 100μm. N=10. (F, G) collagen deposition analysis in mouse lung tissue. Collagen was stained by Picro Sirius red, the color red indicates the positive staining. Scale bars=100μm. N=10. *, P<0.05, **, P<0.01, ***, P<0.001. n.s., not statistically significant.






Figure 2 | Indispensable role of IL-17 in the inflammatory response of HDM-induced asthma in murine model. (A) Counts of inflammatory cells in BALF. N=10. (B) The level of inflammatory cytokines in BALF. The inflammatory cytokines in BALF were detected by Bio-Plex. N=10. *, P<0.05, **,P<0.01, ***, P<0.001. n.s., not statistically significant.






Figure 3 | miR-365-3p is downregulated in wildtype HDM-induced mice but not in IL-17 KO HDM-induced mice. (A) Microarray of dysregulated miRNA in wildtype saline and HDM-induced mice, N=3. (B) The level of miR-365-3p examined by qRT-PCR in wild-type and IL-17KO mice. N=10. (C) The effect of IL-17 in miR-365-3p expression in MLE-12 cells. The MLE-12 cells were treated by IL-17, and the miR-365-3p expression was tested by qRT-PCR N=4. *, P<0.05, **, P<0.01, ***, P<0.001. n.s., not statistically significant.






Figure 4 | miR-365-3p negates IL-17-induced inflammatory cytokines expression in murine epithelial cells and macrophages. (A) Effect of miR-365-3p mimic on mRNA expression of KC and IL-6 in MLE-12 cells upon IL-17 treatment. N=5. (B) Effect of miR-365-3p mimic on mRNA expression of IL-6 in J774a.1 cells upon IL-17 treatment. N=3. *, P<0.05, ***, P<0.001. n.s., not statistically significant.






Figure 5 | miR-365-3p also serves as a negative regulator in hIL-17 induced inflammatory response in human airway epithelial cells and macrophages. (A) Sequence comparison of mmu-miR-365-3p and has-miR-365a-3p. (B) Effect of miR-365-3p mimic on mRNA expression of IL-8 and IL-6 in human A549 cells upon hIL-17 treatment. N=3. (C) Effect of miR-365-3p mimic on mRNA expression of IL-6 in PMA-differentiated U937 cells upon hIL-17 treatment. N=3. *, P<0.05, **,P<0.01, ***, P<0.001. n.s., not statistically significant.






Figure 6 | ARRB2 is the target gene of miR-365-3p to negate proinflammatory effect of IL-17. (A) target genes of miR-365-3p that are related with asthma. (B) mRNA expression of ARRB2 detected by qRT-PCR. N=5. (C) The targeting role of miR-365-3p on ARRB2 examined by reporter fluorescence assays, N=3. (D) Effect of miR-365-3p rescue on mRNA level of ARRB2. N=6. (E) Effect of miR-365-3p rescue on protein level of ARRB2. (F) regulatory effect of miR-365-3p on ARRB2 expression in both mouse MLE-12 (left) and human A549 (right) epithelial cells. (G) immunoblotting analysis of ARRB2 overexpression from pcDNA3.1 vector in MLE-12 cells. (H) expression of KC and IL-6 in ARRB2-overexpression MLE-12 cells upon IL-17 treatment. N=4. (I) immunoblotting analysis of ARRB2 knockdown by siRNA in MLE-12 cells. (J) expression of KC and IL-6 in ARRB2-knockdown MLE-12 cells upon IL-17 treatment. N=4. *, P<0.05, **, P<0.01, ***, P<0.001. n.s., not statistically significant.






Results


IL-17 is indispensable for asthmatic phenotype in HDM-induced murine model

To examine the alteration of IL-17 in asthmatic pathogenesis, a murine model was generated by repeated intranasal challenge with house dust mite extract (HDM) 5 times a week for 5 weeks. The level of IL-17 in bronchoalveolar lavage fluid (BALF) in the asthmatic group were 4-fold higher than control group (P<0.01, Figure 1A), which was further confirmed by the elevated proportion of IL-17-positive areas in the lung tissue of asthmatic animals as shown by immunohistochemical analysis (Figures 1B and 1C). According to their morphology, most of the IL-17 expressing cells were categorized as macrophages (19) and lymphocytes. The indispensability of IL-17 to maintain asthmatic phenotype was then verified in IL-17KO mice, which developed significantly less pronounced symptoms upon induction of HDM extract as evidenced by thinner airway wall and reduced inflammatory cell infiltration compared with wild-type asthmatic mice (Supplementary Figure 1). As a typical asthmatic histopathological feature, the thickened layer of smooth muscle was much more prominent in wild-type asthmatic model than IL-17KO asthmatic model, as shown in immunohistochemical staining (Figures 1D, E), which coincided with the distinguishable collagen deposition between the lung tissues of wildtype and IL-17KO asthmatic model (Figures 1F, G).



IL-17 is pivotal for the inflammatory response in murine asthmatic model

To further elucidate the role of IL-17 in the inflammatory response in the murine asthmatic model, inflammatory cells of different types in BALF were firstly numerated, which showed that wildtype asthmatic mice had significantly higher number of inflammatory cells including macrophages, neutrophils and lymphocytes in their BALF than mock treatment (Figure 2A and Supplementary Figure 2). In stark contrast, inflammatory cells in the BALF of mice with IL-17 deficiency were significantly less than wildtype counterparts upon HDM stimulation (Figure 2A), indicating the IL-17 was the main contributor to increase inflammatory cells in BALF during asthmatic pathogenesis.

Moreover, the Th2 cytokines in BALF of HDM-stimulated wild-type mice increased by 6.6-fold for IL-4, 3.4-fold for IL-5 and 4.8-fold for IL-13, respectively, along with 10.6-fold elevation of pro-inflammatory cytokine KC (human IL-8 homologue), which was believed to be the main effector cytokine to recruit neutrophils in asthma. Nevertheless, inflammatory response represented by these cytokines was largely abolished in IL-17KO asthmatic model animals (Figure 2B). The level of IFN-gamma did not show obvious alterations upon HDM treatment in both wildtype and IL-17KO mice, indicating that IFN-gamma did not play a significant role in this asthmatic model (Supplementary Figure 3). Collectively, our data implied that IL-17 was pivotal for the inflammatory response in HDM-induced murine asthma model.



miR-365-3p is downregulated in wildtype asthmatic mice but not in IL-17 KO asthmatic mice

To investigate the miRNAs involved in IL-17-dominated asthmatic pathogenesis, the miRNA expression in the lung tissues of mice were profiled by miRNA microarray assay. The results showed that the expression of 31 miRNAs in WT model mice changed by more than 1.5 times compared with WT control group (Figure 3A), of which 9 were selected for the further analysis due to their exclusive responsiveness to IL-17 since they were not altered between IL-17KO model and IL-17KO control mice. We further verified the expressions of the 9 miRNAs in mouse lung tissue by qRT-PCR (Supplementary Figure 4), which confirmed that only miR-340-5p and miR-365-3p were significantly different between wildtype control and wildtype asthmatic group, whereas miR-365-3p is the only one that was exclusively responsive to IL-17 (Figure 3B). The negative regulatory effect of IL-17 on miR-365-3p was further confirmed by a ~90% reduction of expression level upon treatment with 10 ng/mL IL-17 in mouse alveolar epithelial cells (MLE-12) (Figure 3C).



IL-17 induces inflammatory response through downregulating miR-365-3p

Since miR-365-3p was the only miRNA selected to be responsive to IL-17, we next, logically, investigated the mechanisms how miR-365-3p participated in IL-17-mediated inflammatory response in asthma. Both mouse alveolar epithelial cells (MLE-12) and macrophages (J774a.1) were used to examine the role of miR-365-3p in IL-17-mediated inflammation. We then examined the influence of miR-365-3p on the pro-inflammatory activity of IL-17 by transfecting cells with miR-365-3p mimic which effectively rescued the endogenous level of the microRNA (Supplementary Figure 5). While IL-17 stimulated dramatic increase of two representative pro-inflammatory cytokines, IL-6 and KC (official symbol Cxcl1) as shown in qRT-PCR analysis (Figure 4A), rescue of miR-365-3p level could significantly reduce the expression of these two cytokines upon IL-17 treatment, suggesting that miR-365-3p exerted negative regulatory activity on the pro-inflammatory effects of IL-17 in MLE12 cells. Additionally, the negating role of miR-365-3p was also found in mouse monocyte macrophage J774a.1 as well. Increased IL-6 expression of IL-17-stimulated J774a.1 cells was tuned down to the baseline upon addition of miR-365-3p mimic (Figure 4B).



miR-365-3p also serves as negative regulator in IL-17 induced inflammatory response in human airway epithelial cells and macrophages

We then wondered whether miR-365-3p is also negative regulator of IL-17 in human airway cells. By comparing human and murine microRNA sequences using the miRBase database, miR-365-3p was found to be conservatively expressed in both human and mouse, sharing identical sequence (Figure 5A). has-miR-365a-3p, the human homologue of murine miR-365-3p, has been reported to be downregulated in severe asthmatic patients (20, 21), necessitating further examination of its role in IL-17 dominated human asthmatic inflammation response. As expected, human IL-17 (hIL-17) was effective to promote expression of IL-8 (official symbol CXCL8) and IL-6 in human lung epithelial A549 cells by ~2 folds (P<0.01) and ~1.5 folds (P<0.05), respectively, while rescue of endogenous of miR-365-3p almost abolished the IL-17-elevated IL-8 and IL-6 expression (Figure 5B). The negative regulatory effect of miR-365-3p on pro-inflammatory effects of human IL-17 was also verified in human macrophages. Human monocyte U937 was differentiated into macrophages with 200 ng/ml PMA for three days, followed by treatment with hIL-17, which in turn stimulated expression of IL-6. As expected, the supplementation of miR-365-3p mimic negated the increase of IL-6 induced by IL-17 treatment (Figure 5C). Taken together, the data obtained on human cells indicated that miR-365-3p also served as a negative regulator in IL17-mediated inflammation in human airway cells.



ARRB2 is the key mediator of miR-365-3p negated proinflammatory effect of IL-17

To further illustrate the mechanisms how miR-365-3p downregulated IL-17-mediated inflammatory response, we firstly examined the activation of NF-kB pathway, the major signaling pathway of IL-17 and found that phosphorylation level of p65, the key player of Nf-κB pathway did not change in miR-365-3p-transfected cells in comparison with mock-treated control cells (Supplementary Figure 6), indicating that NF-κB signaling pathway was not involved in the negative regulatory function of miR-365-3p on IL-17 signaling. We then used Targetscan database to predict the potential target genes of miR-365-3p. Among these predicted target genes, critical transcription factors such as Rel, Ets1, Bcl11b, Prdm1, Maf, and Ikzf4, and asthma-related molecules including TRAF3, ARRB2, Sgk1, PIK3R3, ADAM10, ADM Pten and Nr3c1 are the ones that have been reported in PubMed to be involved in pulmonary inflammation response of asthma (Figure 6A), whose expression were subsequently examined in mouse lung tissue (Supplementary Figure 7). The qRT-PCR results showed that the expression of ARRB2, the essential regulator of GPCR signaling pathway, was significantly higher in wildtype asthmatic group than control group, while IL-17 deficiency diminished its responsiveness to HDM stimulation (Figures 6B and Supplementary Figure 7), indicating its involvement of IL-17-mediated pathogenesis.

To validate whether ARRB2 was directly targeted by miR-365-3p, luciferase reporter assay constructed with ARRB2 3’UTR was performed. As shown in Figure 6C, the addition of miR-365-3p mimic reduced the luciferase activity to ~50% of the original level, suggesting mRNA of ARRB2 gene was directed targeted by miR-365-3p, in consistence with the following qRT-PCR and immunoblotting analysis that showed miR-365-3p mimic reduced the expression of ARRB2 in MLE-12 cells at both mRNA and protein level (Figures 6D, E). The regulatory effect of miR-365-3p on ARRB2 expression was further examined in murine lung tissue (Supplementary Figure 8) and human airway cells. As shown in Figure 6F, while hIL-17 elevated the expression of ARRB2, miR-365-3p supplementation significantly decreased the expression of ARRB2, validating the existence of regulatory relationship between miR-365-3p and ARRB2 in human airway cells. These data, convincingly, demonstrated that ARRB2 was one of direct targets of miR-365-3p in both murine and human asthmatic pathogenesis.

We then, logically, investigated whether ARRB2 was the effector of miR-365-3p to negate IL-17-provoked inflammation. To validate the mediator role of ARRB2, its expression level was manipulated by RNA interfering (RNAi) or overexpressing plasmid in MLE-12 cells. Cytokines production from MLE-12 cells transfected with either ARRB2-siRNA or ARRB2-expressing pcDNA3.1 plasmid was quantified by qRT-PCR. As the result shown in Figures 6G–J, the expression of KC was significantly reduced in ARRB2-knockdown cells and elevated in ARRB2-overexpression cells.

Collectively, our data supported the notion that miR-365-3p, which was diminished by IL-17 in murine and human asthmatic pathogenesis, functioned as an essential negative mediator in IL-17-stimuated inflammatory response by targeting ARRB2 (Figure 7).




Figure 7 | The proposed scheme of negative regulating role of miR-365-3p in IL-17 induced KC and IL-6 production. miR-365-3p, which was diminished by IL-17 in murine and human asthmatic pathogenesis, functioned as an essential negative mediator to suppress IL8 (KC for mouse) and IL-6 upon IL-17 stimulation by targeting ARRB2.






Discussion

Previous studies have unraveled the role of IL-17 in provoking the release of pro-inflammatory cytokines and chemokines such as IL-6, TNF-α, IL-1β, CXCL1, IL-8 and MCP-1 (22) in various inflammatory diseases, of which asthma was highlighted since IL-17-orchestrated IL-8 synthesis is crucial to promote neutrophil recruitment and disrupt neutrophil homeostasis in severe and fatal asthma (23). Consistent with previous animal model studies, the asthmatic animal model established in our study using HDM extract induction verified the pivotal role of IL-17 to o maintain the inflammatory phenotype of asthma (24, 25). Nonetheless, due to the different types of allergen and mice used in our asthmatic model, the results obtained in this study slightly differed from the previous murine models. As shown in our results, IL-17 deficiency prohibited neutrophil infiltration rather than eosinophil infiltration in lung tissue and reduces level of KC in BALF, supporting the dominant role of IL-17 in recruiting neutrophils. Furthermore, in our models, IL-17 deficiency did not diminish HDM-induced airway hyper-responsiveness (AHR) (data not shown), which is different from the promoting role of IL-17 in asthmatic airway hyper-responsiveness in previous reports (26).

Although deficiency of Th2 cytokines is believed to promote IL-17 expression in human and IL-17 mediated inflammation in mice (27, 28), severe asthmatic patients frequently display mixed patterns of inflammation including Th2-induced eosinophils and Th17-induced neutrophils (29). Our results, nonetheless, revealed that IL-17 deficiency was also effective to reduce the production of Th-2 cytokines such as IL-4, IL-5, and IL-13, implying a synergistic interaction between Th2 and Th17 responses. However, IL-17 deficiency did not reduce the eosinophil recruitment in the asthmatic mouse model. Given that anti-IL5 therapy had limited impact on eosinophil recruitment and asthma exacerbations (30, 31), there might be a potential alternative mechanism of eosinophil infiltration.

To our knowledge, this is the first report describing a link between miR-365-3p and IL-17 in asthma. A total of 31 miRNAs were dysregulated in WT HDM mice compared with WT control group. Among these altered miRNAs, miR-155-5p (32), miR-148a-3p (14), miR-494-3p (33), miR-142-3p (34), miR-378d (35), miR-181c-5p (36), miR-21a-5p (37), miR-3107-5p (38) and miR-133a-3p (39) have been reported to be involved in asthma, but none of them were associated with IL-17 activity in our analysis. Nevertheless, we found miR-365-3p is negatively regulated by IL-17 in HDM-induced asthma mice, which coincided with the observations in human asthma patients demonstrating that human homologue of murine miR-365-3p, hsa-miR-365a-3p, was negatively correlated with severity of asthma and serum IL-17 level (20, 21). And reasonably, miR-365-3p has the potential to be a biomarker for the IL17-dominated asthmatic inflammation.

Whether the downregulated miR-365-3p was active participator or just bystander in IL-17-mediated inflammation was examined by manipulating its level through introducing exogeneous miR-365-3p mimics. Our results confirmed that miR-365-3p actively antagonized IL-17-mediated inflammatory cytokine elevation from airway epithelial cells and macrophages, not only in murine cells but also in human cells, revealing the universal negating effect of miR-365-3p against IL-17 across the two species. Although various pathways including p38, Erk, NF-κB and PI3K/Akt-dependent pathways have been reported to be involved in the pro-inflammatory activity of IL-17 in previous studies (40, 41), the participation and possible role of microRNA in IL-17-initiated asthmatic inflammation has been barely referred. Our current finding, for the first time, established the correlation between IL-17 and miRNA in asthmatic pathogenesis. Nonetheless, since role of miRNAs has been well recognized in asthma, our current finding added a new expected piece to the puzzle, reinforcing a recent study that miRNA was indispensable for IL-17 to induce secretion of inflammatory factors and chemokines by astrocytes in experimental autoimmune encephalomyelitis (16).

To further illustrate the downstream targets of miR-365-3p to negate IL-17-mediated asthmatic inflammation, ARRB2 (beta-arrestin-2), an essential regulator of G protein-coupled receptor signaling, was selected out in the lung tissue of diseased animals. ARRB2, well known to regulate G protein-coupled receptor function and receptor internalization (42), has been also recognized as an important pro-inflammatory mediator by promoting CD4+ T cells migration, Th2 cell chemotaxis, and inflammatory cytokine production in asthma (43, 44). Increased ARRB2 expression in OVA (ovalbumin)-challenged mice and diminished inflammatory responses in ARRB2 deficiency mice (45) implied the key role of ARRB2 in the pathogenesis of asthma. Consistently, our study reinforced the essential regulatory role of ARRB2, as the target of miR-365-3p, in the inflammatory response in IL-17-dependent asthma pathogenesis.

Although both miR-365-3p and ARRB2 have been reported to exert the regulatory roles in cytokine production individually (46, 47), this study provided the first clue to connect these two regulators together in IL-17-mediated asthmatic airway inflammation and proposed the possible IL-7/miR-365-3p/ARRB2/KC(IL-8) axis in asthmatic inflammation (Figure 7). It was also noted that alteration of ARRB2 expression did not influence IL-6 synthesis upon IL-17 stimulation. Given the previous study indicating that miR-365-3p could directly target IL-6 mRNA for degradation (48), ARRB2 may not participate in the regulation of IL-6.

In summary, through miRNAs expression profiling in wildtype and IL-17KO chronic asthmatic mouse models, we established the first connection between miR-365-3p and IL-17 in asthmatic pathogenesis and elucidated the possible mechanisms thereof, whereas more details remain to be further explored. This current study provides a new perspective to understand the pathological role of miRNA in IL-17-mediated asthmatic inflammation and may inspire new therapeutic strategies to alleviate neutrophilic airway inflammation in asthmatic pathogenesis.



Conclusions

Taken together, these findings suggest that IL-17 plays an important role in the inflammatory response and airway remodeling, and miR-365-3p may be a key miRNA involved in this regulation.
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Background

Although studies have shown that cell pyroptosis is involved in the progression of asthma, a systematic analysis of the clinical significance of pyroptosis-related genes (PRGs) cooperating with immune cells in asthma patients is still lacking.



Methods

Transcriptome sequencing datasets from patients with different disease courses were used to screen pyroptosis-related differentially expressed genes and perform biological function analysis. Clustering based on K-means unsupervised clustering method is performed to identify pyroptosis-related subtypes in asthma and explore biological functional characteristics of poorly controlled subtypes. Diagnostic markers between subtypes were screened and validated using an asthma mouse model. The infiltration of immune cells in airway epithelium was evaluated based on CIBERSORT, and the correlation between diagnostic markers and immune cells was analyzed. Finally, a risk prediction model was established and experimentally verified using differentially expressed genes between pyroptosis subtypes in combination with asthma control. The cMAP database and molecular docking were utilized to predict potential therapeutic drugs.



Results

Nineteen differentially expressed PRGs and two subtypes were identified between patients with mild-to-moderate and severe asthma conditions. Significant differences were observed in asthma control and FEV1 reversibility between the two subtypes. Poor control subtypes were closely related to glucocorticoid resistance and airway remodeling. BNIP3 was identified as a diagnostic marker and associated with immune cell infiltration such as, M2 macrophages. The risk prediction model containing four genes has accurate classification efficiency and prediction value. Small molecules obtained from the cMAP database that may have therapeutic effects on asthma are mainly DPP4 inhibitors.



Conclusion

Pyroptosis and its mediated immune phenotype are crucial in the occurrence, development, and prognosis of asthma. The predictive models and drugs developed on the basis of PRGs may provide new solutions for the management of asthma.
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Introduction

Asthma is a respiratory disease characterized by chronic inflammation of airways. Its prominent features include airway hyperresponsiveness and recurrent attacks. Although asthma has been extensively investigated, pathogenesis requires further investigation and existing studies mainly focus on the airway inflammatory mechanism, immune regulation mechanism, neuromodulatory mechanism, and genetic and environmental factors (1). Severe asthma refers to the type that requires step 4 or 5 treatment, as recommended by Global Initiative for Asthma (GINA). This kind of asthma is more difficult to control than its mild-to-moderate counterpart (2), thereby reducing the quality of life and increasing the mortality of patients in this group. A variety of immune cells are involved throughout the course of asthma. The GINA guidelines indicated that monoclonal antibody-based immunotherapy is recommended for patients with severe asthma (3). Although severe asthma is mostly characterized by type-I immunity, drugs typically used are generally under target type-I immunity and sometimes unavailable (4). Therefore, cutting off the progression of mild-to-moderate to severe asthma cases is still the key to asthma management given the disease characteristics and health economic expenditure because sensitive assessment tools are required in identifying early mild-to-moderate asthma patients and the development of drugs to treat asthma from other pathophysiological perspectives and help patients achieve clinical control (5).

Cell pyroptosis has gradually become an important research direction in the exploration of asthma pathogenesis. Pyroptosis is a new mode of programmed cell death that has been confirmed in recent years. Pyroptosis is characterized by the change of osmotic pressure inside and outside the cell due to the perforation of activated gasdermin D (GSDMD) in the cell membrane and flow of extracellular material into the cell that result in its final rupture and release of massive proinflammatory factors (6). Gasdermin B (GSDMB) intervenes in various physiological and pathological processes, such as inflammation, coagulation, and cell differentiation, by regulating cell pyroptosis. Moreover, gene polymorphism of GSDMB is highly correlated with the pathogenesis of asthma (7). The expression of GSDMB in airway epithelial cells of patients with asthma is upregulated. Cell pyroptosis induced by the GSDMB protein can be eliminated when deleting the entire exon 6 from the splicing variant rs11078928 of the GSDMB gene to reduce the risk of asthma (8). Additionally, immune cells mediate the progression of asthma through cell pyroptosis. Activated caspase-11 induces pyroptosis, alveolar macrophages from patients with asthma exhibit increased expression of caspase-4 (human homologue of caspase-11), and prostaglandin E2 can exert protective effects against allergic airway inflammation by inhibiting caspase-11-/caspase-4-dependent pyroptosis in mouse and human macrophages (9). Although existing studies have initially reported the role of pyroptosis and pyroptosis-related genes (PRGs) in the development and progression of asthma, research on expression differences of PRGs between mild-to-moderate and severe asthma cases is still lacking and the role of cell pyroptosis in immune responses in airway epithelial tissues remains unclear. Moreover, studies that combine the situation of asthma control and immune imbalance as well as comprehensively analyze the role of PRGs in asthma are limited.

We excluded key PRGs related to the progression and control of asthma using machine learning method, compared the differences of immune cell infiltration under different PRG expression patterns, and established the relationship between key PRGs and immune cells in this study. A pyroptosis-related prognostic model was constructed to predict the control of asthmatic patients, and animal experiments were performed to verify the effectiveness of the model and screen potential therapeutic agents for high-risk patients.



Materials and methods


Data source

The microarray datasets GSE89809 and GSE104468 are downloaded from the GEO database (https://www.ncbi.nlm.nih.gov/geo/) (10, 11). The “limma” package was used to screen differentially expressed genes (DEGs) (12), and P < 0.05 and |log2 FC| > 0.585 were considered statistically significant. The 227 pyroptosis-related genes are from the Genecards (https://www.genecards.org/) website. The site uses GeneCards Inferred Functionality Scores (GIFtS) to annotate each relevant gene and generate a correlation score. In this study, pyroptosis was used as the keyword to search related genes, and 227genes with GIFtS > 30 were included for follow-up study.



Classification and functional enrichment analysis of PRG-related subtypes in asthma

Unsupervised cluster analysis was carried out according to the difference of PRG expression between mild-to-moderate and severe asthma cases to identify various subtypes of asthma (13, 14). A consensus clustering algorithm was used to evaluate the cluster numbers and robustness. The R package “ConsensuClusterPlus” was applied to implement these steps for 1000 iterations to guarantee the robustness of classification (15). Weighted gene coexpression network analysis for specific subtypes was performed with the R package “WGCNA.” (16, 17) We first determined the appropriate soft threshold power to achieve a scale-free topology. Hierarchical clustering was then performed to identify modules, and a phylogenetic cluster map was constructed to divide similar gene expression levels into different modules. The correlation between the phenotype composed of various clinical information and each module was evaluated using Pearson correlation analysis. The module with the maximum correlation with the trait was selected for subsequent analysis. The ChEA3 database (https://maayanlab.cloud/chea3/) includes a large number of independently published ChIP-seq data and integrates transcription factor coexpression data on the basis of RNA-seq data (18). The transcriptional regulatory network of key modules is predicted from this database. Gene set enrichment analysis (GSEA) was performed on the gene expression matrix through the “clusterProfiler” package, and “c2.cp.kegg.v7.0.symbols.gmt” was selected as the reference gene set. We used the “clusterProfiler” and “ggplot2” packages to perform Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses on DEGs, respectively (19, 20).



Screening, expression regulation, and immune cell infiltration analyses of diagnostic markers associated with pyroptosis subtypes

We used least absolute shrinkage and selection operator (LASSO) logistic regression to perform feature selection of screening diagnostic markers for asthma (21). LASSO is a popular algorithm, which was extensively utilized in medical studies (22–26). The LASSO algorithm was applied with the “glmnet” package (27). The regulatory prediction of noncoding RNAs for diagnostic markers was first analyzed using databases, including RNA22, miRDB, and RNAInter, to select miRNAs with intersections (28). The literature was then reviewed to select miRNAs with biological roles in asthma for further analysis. miRNet 2.0 database (www.mirnet.ca/miRNet/home.xhtml) and starBase (http://starbase.sysu.edu.cn/)) are utilized to predict the target lncRNA of miRNA and finally establish the ceRNA network (29, 30). The degree of immune cell infiltration in the airway epithelium was assessed using the CIBERSORT algorithm to determine the abundance of 22 immune cell subsets, and differences in immune cell infiltration between groups were visualized through the “ggplot2” package (31, 32). Finally, Spearman correlation analysis was performed on all immune cells and diagnostic markers, and the positive or negative correlation between them was determined with the “ggstatsplot” package.



Construction of a risk signature associated with asthma control

The univariate Cox regression model was utilized to select genes related to the control of patients with asthma. P < 0.05 was considered statistically significant. The optimal genome for constructing risk characteristics was screened using LASSO regression to establish the risk score as follows: Risk score = (exprgene1 × Coefgene1) + (exprgene2 × Coefgene2) + … + (exprgenen × Coefgenen) (33). Patients with asthma were divided into low- and high-risk groups according to the median risk score. Principal component analysis (PCA) and t-distributed stochastic neighbor embedding (t-SNE) were used to evaluate the classification accuracy of risk scores. In addition, a Cox proportional hazards regression model was applied to identify the risk score as an independent predictor, and Kruskal test was selected to compare infiltrating immune cell abundance scores in two different risk patterns.



Identification of small-molecule therapeutic drugs that block the progression of asthma

The Broad Institute Connectivity Map (cMAP) database (https://portals.broadinstitute.org/cmap) was used to identify small-molecule drugs associated with asthma progression. Gene sets with log2FC > 0.585 were entered into the cMAP database for enrichment analysis to identify drug candidates (34). The PubChem database (https://pubchem.ncbi.nml.gov) was utilized to extract details of small molecules and obtain their 3D structures. Molecular docking was then carried out, and the predicted crystal structure information of the target protein (human source) was searched in the PDB (https://www.rcsb.org/) database. The receptor protein was pretreated with dehydration and hydrogenation using AutoDockTool software, and the molecular docking between the target protein and small molecular drugs was carried out Vina software to predict the binding ability of the two proteins. A negative binding energy value and an absolute value greater than 5 kcal/mol demonstrate significant binding possibilities.



Animal experiment

BALB/c mice (female, 17–20 g, 6–8 weeks old) were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd. in China. The mice were kept under specific pathogen-free conditions in Beijing University of Chinese Medicine. All mice were kept in a controlled room (25°C ± 1°C, 45%–60% humidity). All animal studies were conducted in accordance with the institutional animal care regulations of Beijing University of Chinese Medicine and AAALAC and IACUC guidelines. The allergic asthma model of mice was established through OVA sensitization and atomization inhalation stimulation. Briefly, mice were intraperitoneally injected with 2 mg of OVA (Sigma–Aldrich, Cat#A5503) mixed with 2 mg of Imject™ Alum Adjuvant (Invitrogen, Cat#77161) and PBS on days 0 and 14. The challenge phase was from the 21st day to the 25th day after injection, and the mice were atomized with 1% OVA for 30 minutes. The animals were then sacrificed, and lung tissues were snap-frozen in liquid nitrogen and stored in a freezer at −80°C for further analysis.



Western blot

Rabbit anti-BNIP3 antibody (bs-4239R) was purchased from Biosynthesis Biotechnology Inc. (Beijing, China). Horseradish peroxidase-labeled goat antirabbit IgG antibodies (GB23303) was obtained from Wuhan Service Bio Technology Co., Ltd. We extracted the protein from lung tissues according to the manufacturer’s instructions after obtaining the total protein from lung tissues using radio immune precipitation assay (RIPA) lysis buffer containing 0.1% phenyl methyl sulfonyl fluoride (PMSF). We used the BCA protein detection kit to measure the protein concentration. Equal amounts of protein samples were separated with sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes. Nonfat milk (5%) in TBST was incubated overnight with primary antibodies against BNIP3 (diluted 1:1,000) at 4°C after blocking. We incubated the sample using goat antirabbit secondary antibody for 1.5 h at room temperature and then washed it four times with TBST to form protein bands on the membrane with an enhanced chemiluminescence reagent. AlphaEase FC software was applied to detect the gray value of protein bands.



Quantitative real-time polymerase chain reaction

mRNA was extracted from lung tissues using a universal RT-PCR kit (Solarbio Science & Technology Co., Ltd., Shanghai, China) following the manufacturer’s instructions. Samples were treated with DNase and then purified using an RNeasy kit (Qiagen, Hilden, Germany). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was utilized as the internal reference. PCR primer sequences include the following: SLC4A1: forward primer: 5’-CTTCTTCTCGTTCTGTGAAAGCAAT-3’, reverse primer: 5’-CATAAGTCTGTTGTAGTGGGTAGTCC-3’, SERPINB2: forward primer: 5’-AGGTGAAATCCCAAACCTGCTAC-3’, reverse primer: 5’-CACGGAAAGGATAAAGCCCAT-3’, BNIP3: forward primer: 5’-TTCCAGCCTCCGTCTCTATTTA-3’, reverse primer: 5’-AATCTTCCTCAGACAGAGTGCTG-3’, TAAR9: forward primer: 5’-TTACACGGGAGCCAATGAGG-3’, reverse primer: 5’-TGGCTGTACCCTCTATCTTCCTA-3’, GAPDH: forward primer: 5’-CCTCGTCCCGTAGACAAAATG-3’, and reverse primer: 5’-TGAGGTCAATGAAGGGGTCGT-3’.



Statistical analysis

Data were shown as mean ± standard deviation (SD). The differences between the two groups were evaluated by independent sample t-test and nonparametric test. A P < 0.05 was considered statistically significant. Statistical analyses and figures were obtained using IBM SPSS Statistics 23.0 (IBM SPSS Software, NY, USA) and GraphPad Prism Version 8.0 (GraphPad Software, San Diego, CA, USA).




Results


Landscape of PRGs between mild-to-moderate and severe asthma samples

This study involved 227 PRGs. Nineteen differentially expressed PRGs were included in the mild-to-moderate and severe asthma samples, among which CAPN1, NLRP1, TRIM31, NOS2, and CDC37 showed the highest difference (P<0.01, Figure 1A). The analysis of the coexpression relationship of 19 PRGs demonstrated that a close correlation exists between gene expression levels (Figure 1B). GO and KEGG analyses demonstrated that differentially expressed PRGs are mainly involved in biological processes and signaling pathways, such as cellular response to interferon-gamma and NOD-like receptor signaling pathway (Figure 1C). These findings suggested that differences likely exist in the cell pyroptosis level in the airway epithelium of mild-to-moderate and severe asthma patients and PRGs may be involved in the evolution of clinical symptoms or disease course of patients through mediated inflammatory processes.




Figure 1 | Expression and biological function of PRG in mild to moderate asthma and severe asthma. (A) 19 differentially expressed PRGs between mild to moderate and severe asthma. (B) Co-expression network of 19 PRGs. (C) GO and KEGG enrichment analysis of differentially expressed PRG. *P < 0.05 , **P < 0.01.





Differentially expressed PRGs between mild-to-moderate and severe asthma cases are divided into two subtypes

We performed an unsupervised consensus cluster analysis of asthma samples on the basis of the expression of 19 PRGs to investigate the role of PRGs in asthma. According to the cumulative distribution function curve, k=2 is selected as the best number of clusters (Figure 2A). This finding indicated that two pyroptosis-related molecular subtypes (C1 and C2) are observed in asthma. FEV1 reversibility, a marker of airway hyperresponsiveness (AHR), is positively correlated with the severity of asthma (35, 36). The asthma control questionnaire (ACQ) is a widely used standardized questionnaire of asthma control that can stably and effectively evaluate the degree of control in patients (37–39). Joint analysis of the two major key clinical features of ACQ control and FEV1 reversibility revealed that patients with the C1 subtype present severely poor asthma control (P = 0.014, Figure 2B). Twenty-two differentially expressed PRGs were observed between C1 and C2 subtypes. The analysis of relevant clinical characteristics showed that the C1 subtype (0–200 μg: three cases, 1000 μg or more: seven cases) is higher than the C2 subtype (0–200 μg: 10 cases, 1000 μg or more: five cases) when ICS is used. This finding suggested that poor asthma control in patients with the C1 subtype may be due to a certain degree of glucocorticoid resistance (Figure 2C). GO and KEGG enrichment analyses of DEGs among subtypes were performed, and biological processes, such as ribosomal translation and threonine-type endopeptidase activity, were significantly enriched (Figure S1). GSEA enrichment analysis showed that the difference of main signal pathways between C1 and C2 subtypes (Figures 2D, E) is that the C1 subtype is mainly enriched in the calcium signaling pathway, cytokine–cytokine receptor interaction, and other pathways closely related to allergy and asthma. These results suggested that PRGs involved in the exacerbation of asthma present a satisfactory classification function that can be used can be used in clinical practice for the detection and intervention of PRGs.




Figure 2 | Two different pyroptosis-related subtypes identified in asthma by unsupervised clustering of 19 PRGs. (A) Heatmap of the matrix of co-occurrence proportions for asthma samples. (B) Kaplan–Meier curves of different gene subtypes ACQ Control and FEV1 reversibility. (C) Composite heatmap showing the relationship between the expression levels of 22 PRGs and clinical features. (D, E) GSEA analysis of C1 and C2 subtypes.





Biological characteristics of the C1 subtype

We constructed scale-free networks and determined optimal soft thresholds on the basis of clinical features to explore related genes that affect asthma control in C1 subtype patients (Figures 3A, B). The TOM matrix was utilized to detect the gene module and analyze the correlation with clinical characteristics. The results showed that the MEpink4 module presents the maximum correlation with asthma control (cor = −0.72, P = 0.006). Hence, this module was selected for subsequent analysis (Figure 3C). Genes within the same cluster often share common transcription factors. We predicted and analyzed the transcription factors of genes in the MEpink4 module and visualized the mutual regulatory relationship between the top 10 transcription factors in the mean rank (Figure S2). The association of these transcription factors with asthma was partially demonstrated. For example, SNPs of ZBTB10 affect the asthma risk through the cis-regulation of its genes (40). Functional enrichment analysis of genes in the MEpink4 module showed their primary involvement in biological processes and cellular components related to allergic reactions and airway remodeling, such as motile cilium assembly, regulation of muscle cell apoptotic process, and calcium channel complex, which are closely related to glucocorticoid resistance and poor control of the C1 subtype (Figure 3D).




Figure 3 | Identification and functional enrichment analysis of asthma control related genes in C1 subtype. (A) WGCNA of the C1 subtype to obtain a cluster dendrogram of coexpressed genes. (B) Analysis of the scale free ft index and analysis of the mean connectivity for various soft – theresholding powers. (C) Module – trait relationships for C1 subtypes. Each module contains the corresponding correlation and P-value. (D) GO and KEGG functional enrichment analysis of genes in MEpink4 module.





Determination of pyroptosis-related diagnostic markers among subtypes and their correlation with immune cells

We applied the LASSO logistic regression algorithm on the basis of DEGs and differentially expressed PRGs between C1 and C2 subtypes (Figure 4A) to identify the BNIP3 gene as a pyroptosis-related diagnostic marker for asthma (Figure 4B). Expression levels of BNIP3 in C1 and C2 subtypes were significantly different (P<0.01), and expression levels of the C1 subtype were lower than those of the C2 subtype (Figure 4C). This finding suggested that the low expression of BNIP3 may lead to poor asthma control. Animal experiments confirmed that the content of BNIP3 protein in the lung tissue of the asthma mouse model is significantly downregulated (Figures 4D, E) and the BNIP3 mRNA shows the same trend (P<0.01, Figure 4F) compared with those of normal mice. Meanwhile, the ROC curve showed the satisfactory classification performance of BNIP3 for C1 and C2 subtypes (AUC: 0.947, Figure 4G). Samples were divided into two groups with high- and low-BNIP3 expression levels for single-gene GSEA analysis to explore the role of BNIP3 in asthma. The results showed that a significant difference exists in the enrichment degree of cell differentiation of Th1 and Th2 in the key pathway of asthma between the two groups (P = 0.0017, Figure 4H) biological processes, such as metabolism of xenobiotics by cytochrome P450 and glutathione metabolism, are primarily involved (Figure 4I). Notably, the low expression of BNIP3 was highly correlated with the T cell receptor signaling pathway, cell differentiation of Th1 and Th2, Th17 cell differentiation, and other immune processes (Figsures 4J, K). We quantified the level of immune cell infiltration with the composition of 22 immune cells in all samples between the two subtypes shown in histograms to assess the immune landscape of C1 and C2 subtypes (Figure 5A). Statistical differences in immune cell infiltration between the two subtypes showed that infiltration of M2 macrophages is less in the C1 subtype compared with that in the C2 subtype (P=0.01, Figure S3). The relationship between immune cells is illustrated in the thermogram in Figure 5B. Several immune cells closely related to asthma showed a strong correlation. M2 macrophages were positively correlated with activated mast cells and eosinophils, and plasma cells were negatively correlated with activated mast cells and eosinophils. Spearman correlation analysis tested the correlation between BNIP3 and immune cells (Figure 5C) and revealed that it was significantly positively correlated with M2 macrophages (R=0.53, P=0.00069) and significantly negatively correlated with regulatory T cells (R=−0.41, P=0.011, Figure 6A). The noncoding RNA regulatory mechanism of BNIP3 was subsequently explored, and 64 miRNAs were predicted from three databases (Figure 6B), of which four miRNAs presented functions in asthma. Finally, a ceRNA network, including 14 LncRNAs and four miRNAs, was constructed (Figure 6C). However, their regulatory relationship and biological significance in asthma still need further investigation.




Figure 4 | Screening of pyroptosis-related diagnostic markers. (A) Volcano map of DEGs. red represents up-regulated differential genes, black represents no significant difference genes, and green represents down-regulated differential genes. (B) LASSO logistic regression algorithm to screen diagnostic markers. (C) Difference of BNIP3 gene expression between C1 and C2 subtypes. (D, E) Differential expression of BNIP3 between normal and asthmatic mice. (F) Differential expression of BNIP3 mRNA between normal and asthmatic mice. (G) ROC curve for verifying the efficacy of BNIP3 gene diagnosis. (H) Enrichment difference of Th1 and Th2 cell differentiation pathway between BNIP3 high expression group and low expression group. (I) Functional enrichment analysis of DEGs between BNIP3 high expression group and low expression group. (J, K) GSEA enrichment analysis of DEGs between BNIP3 high expression group and low expression group. **P < 0.01.






Figure 5 | The difference of immune cell infiltration among subtypes. (A) The histogram of the infiltration ratio of 22 kinds of immune cells in C1 group and C2 subtype samples. (B) The correlation among 22 kinds of immune cells. (C) The lollipop diagram shows the correlation between BNIP3 gene and 22 kinds of immune cells, and red marks indicate P < 0.05.






Figure 6 | Correlation of BNIP3 with immune cell infiltration and its gene expression regulatory network. (A) Mountain diagram showing the correlation between the BNIP3 gene and immune cells. (B) The intersection of the prediction results of the three databases. (C) CeRNA networks involved in the regulation of BNIP3 gene expression.





Establishment of a prognostic model, immunological characteristics, and drug prediction based on asthma control

Combined with clinical data, we identified 12 PRGs that can predict asthma control (Figure 7A). LASSO Cox regression analysis was performed on DEGs between subtypes of different cell pyroptosis levels to obtain a prediction model consisting of four genes (Figures 7B, C). The composition of the model is as follows: risk score = (−0.131 × C12orf75 expression level) + (−0.138 × SERPINB2 expression level) + (0.434 × SLC4A1 expression level) + (0.029 × TAAR9 expression levels). This model named P-score can be used to divide patients into high- and low-risk groups on the basis of the median cut-point value of the score. The results showed that the rate of asthma control level in the high-risk group declines faster than that in the low-risk group with the increase of FEV1 reversibility (P < 0.001, Figure 7D). Joint analysis of the patients’ p-score, FEV1 reversibility, and asthma control revealed that patients with poor control demonstrate high p-score and FEV1 reversibility (Figures 7E, F). PCA and t-SNE analyses were performed on gene expression data to test the classification ability of the P-score. The results showed a clear distribution difference between the two groups (Figures 7G, H). Furthermore, the multivariate regression analysis indicated that the P-score is an independent risk factor for asthma control (HR = 39.845, P < 0.001) (Figure 7I). We then explored the expression levels of four genes in the P-score of high- and low-risk groups and demonstrated that C12orf75 and SERPINB2 are downregulated while SLC4A1 and TAAR9 are upregulated in the high-risk group (Figure 8A). PCR analysis of SERPINB2, SLC4A1, and TAAR9 genes, which also exist in the mouse model of asthma, was conducted to verify the accuracy of the results. The findings showed that the level of SERPINB2 mRNA in the model of asthma is downregulated while that of SLC4A1 mRNA and TAAR9mRNA is upregulated compared with those of normal mice (Figure 8B). In order to verify the value of P-score, we used GSE104468 as the verification set to test the diagnostic efficacy of the three core genes. It is found that the AUC values of SERPINB2, SLC4A1, TAAR9 in patients with asthma and normal people are 0.854, 0.819 and 0.688, respectively (Figure S4). These conclusions suggested that the P-score can effectively predict the control status of asthma patients. We explored its immune cell abundance and biological processes using ssGSEA and GO analyses to understand the differences in immune microenvironment and biological functional characteristics among different degrees of risk groups mediated by cell pyroptosis. Relative to those in the low-risk group, the degree of B and Th1 cell infiltration was higher, and the degree of NK cell infiltration was lower in the high-risk group (P<0.05, Figure S5). Notably, DEGs between high- and low-risk groups were mainly concentrated in extracellular vesicle-related biological processes. This finding suggested that cell pyroptosis in asthma may be closely related to the occurrence of extracellular vesicles and intercellular communication (Figure S6). Finally, 10 small-molecule drugs targeting high-risk asthma were screened using the cMAP database, and their correlation with DPP4 targets was significant (Figure 8C). Sitagliptin and diprotin-A were selected for molecular docking with DPP4 to confirm the binding ability between the drug and the target. The results showed that affinities between them are all less than −5 kcal/mol. The molecular docking patterns of the two molecules are shown in Figures 8D, E confirmed that the drug and the target show significant binding ability, which may play a potential therapeutic role in asthma.




Figure 7 | The prognostic model constructed by differentially expressed genes from different pyroptosis patterns can distinguish between high- and low-risk patients with asthma. (A) DEGs associated with asthma control status. Red and green colors represent high- and low-risk genes, respectively. (B, C) Distribution of LASSO coefficients for DEGs. Tenfold cross-validation for tuning parameter selection in the LASSO regression. Dotted vertical lines are drawn at the optimal values by minimum criteria and 1 − SE criteria. (D) Kaplan–Meier curves of ACQ control and FEV1 reversibility in patients with different risk groups. (E) P-score distribution of patients with different risks. (F) The distribution of FEV1 reversibility and asthma control among different risk samples. (G, H) PCA and t-SNE was used to determine whether the samples could be grouped correctly based on the P-score. (I) Multivariate Cox regression analysis of P-score was shown by forest plot.






Figure 8 | Immune status of patients at different risks and prediction of potential therapeutic drugs. (A) The expression differences of P-score constituent genes among different risk groups. (B) The difference of expression of P-score constituent genes between normal mice and asthmatic mice. (C) Correlation between potential therapeutic drugs and corresponding targets. (D) Binding conformation of DPP4 and diprotin-A (binding energy = −6.4 kcal/mol). (E) Binding conformation of DPP4 and sitagliptin (binding energy = −7.8 kcal/mol). *P < 0.05, **P < 0.01, ***P < 0.001.






Discussion

Asthma is a common chronic disease. Existing treatment goals for asthma are mainly to prevent exacerbations and reduce the risk of further exacerbations. However, its heterogeneity increases the difficulty in achieving these goals. Th2-driven asthma is a common clinical manifestation typically characterized by elevated levels of type-2 inflammatory factors, serum IgE, and blood eosinophils. However, these indicators are ineffective diagnostic markers for differentiating asthma control (41). By contrast, the relatively rare Th1-driven and severe asthma cases caused by various factors are usually poorly controlled, with limited choice of drugs and lacking predictive tools. Moreover, early identification of Th1-driven and severe asthma in patients at risk of poor control is challenging due to the unclear pathogenesis of asthma (42). Therefore, conducting an in-depth discussion on the basis of clinical and transcriptome characteristics of patients with different disease courses demonstrates high clinical and practical significance.

Although the pathogenesis and immune characteristics of asthma based on cell pyroptosis have been investigated, the role of pyroptosis in asthma remains unclear. Recent reports have shown that NLRP3-related inflammatory response is a key driver of asthma pathogenesis and the allergen Der f1 induces bronchial asthma by mediating caspase-1-dependent pyroptosis through the NLRP3 pathway (43, 44). Furthermore, the expression of canonical PRGs, such as GSDMB, caspase-4, and NLRP1, was upregulated in the poorly controlled asthma subtype. Therefore, the inhibition of pyroptosis in bronchial epithelial cells can reduce the inflammatory response of asthma. GSDMB can be cleaved into several short fragments when coexpressed with caspase-1, of which the N fragment (GSDMB-N) can induce significant cell pyroptosis (8). This phenomenon may explain why different GSDMB genotypes are associated with various phenotypes of adult asthma (45). Chromosome 17q12-q21 is the most replicated genetic locus in childhood asthma. The main mechanism is to regulate its SNPs to affect the abundance of GSDMB transcripts in airway epithelial cells and the functional properties of GSDMB proteins (46). The machine learning results of our study showed that BNIP3 is a diagnostic marker of different pyroptosis subtypes that affects the cell pyroptosis of cardiomyocytes and coronary artery endothelial cells by mediating caspase-3/GSDME and oxidative stress (47, 48). Note that the expression of BNIP3 was upregulated in properly controlled asthma subtypes but positively correlated with typical type-2 inflammatory cells, such as M2 macrophages, in subsequent immune infiltration analyses. This finding indicated that the asthma phenotype of poorly controlled groups may be different from type-2 inflammation in pyroptosis-based asthma typing. Moreover, among the various phenotypes of asthma, the expression of NLRP3, caspase-1, caspase-4, and other PRGs in neutrophil asthma significantly increases and NLRP3 inflammatory bodies can drive animal asthma models to produce glucocorticoid resistance (49, 50). Furthermore, asthma subtypes with upregulated NLRPs and caspase-1 exhibit high glucocorticoid use and poor asthma control. The consistency in these conclusions indicated that PRG-based typing methods show high potential in identifying immunophenotypes of patients with asthma and can be used to guide the use of glucocorticoid.

Although severe asthma will likely demonstrate poor control compared with mild-to-moderate asthma, poor control caused by gene expression differences, environmental stimulation, medication habits, infections, and other factors can occur in both mild-to-moderate and severe asthma cases (51). Therefore, we constructed the P-score model to predict the control profile of asthma by combining the differential expression levels of PRGs with clinical features. The role of the four genes that make up the P-score in asthma is also partially supported by previous studies. For example, meta-analysis based on the results of sputum transcriptome sequencing of asthmatic patients identified SERPINB2 as a potential signature gene associated with asthma pathogenesis and miR-34b as a key miRNA that regulates the SERPINB2 gene expression (52). Environmental pollutants, such as diesel engine exhaust particles, can promote the expression of the SERPINB2 gene in bronchial epithelial cells while inducing an asthma attack, and its expression level is significantly correlated with the severity of asthma (53, 54). Moreover, glucocorticoid treatment response is a crucial control for asthma accompanied by changes in the expression level of SERPINB2 (55). Although the P-score presents satisfactory risk prediction and discriminating ability, the association of the three other genes with asthma, except for SERPINB2, remains unverified. Hence, the mechanism of the P-score-predicting asthma control requires further experimentation. On the basis of DEGs of high-risk patients, the cMAP database identified targets and drugs with potential therapeutic value for asthma, among which DPP4 demonstrated the highest enrichment score as a drug action target. The level of DPP4 increases in airway epithelial cells of asthmatic patients, and its ability to promote airway smooth muscle cell proliferation in vitro implied that DPP4 is likely associated with airway remodeling in asthma (56). Interleukin 13 (IL-13) secreted by Th2 cells is associated with airway inflammation in asthma, and data based on transcriptome sequencing of asthmatic patients confirmed that a positive correlation exists between the DPP4 gene and IL-13 mRNA levels. This finding indicated that a DPP4 can play a potentially important role in asthma (57). Notably, the resulting DPP4 inhibitor sitagliptin predicted in this study can ameliorate airway inflammation in murine asthma models by downregulating inflammatory factors, such as IL-13. Therefore, these drugs may exert important effects on the treatment and control of asthmatic patients although they still need further investigations.

Asthma was successfully classified on the basis of the differential expression of PRGs between mild-to-moderate and severe asthma cases, and the significance of pyroptosis-mediated immunophenotype in the occurrence, development, and prognosis of asthma was systematically revealed in this study. The prognostic model can be used as a powerful tool in predicting asthma control. However, this study presents the following limitations. Existing asthma transcriptome sequencing datasets generally lack corresponding clinical data; hence, the number of patients that can be included in the study is small and the validation set is lacking. Moreover, further experiments are needed to provide new insights into the biological functions of other PRGs in asthma.



Conclusions

We obtained pyroptosis-related genes associated with the progression of asthma in this study. We differentiated two pyroptosis-related subtypes and explored the relationship between key diagnostic markers and immune cells by assessing the expression levels of these genes. We also constructed a pyroptosis-related risk score model with acceptable predictive value and predicted the potential therapeutic drugs using this model. Our findings initially revealed the role of pyroptosis in asthma and promoted the improvement of treatment strategies.
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Background

Aspergillus fumigatus (A.f) is a common airborne allergen that contributes to allergic asthma. In some patients, A.f can colonize in the airway and lead to allergic bronchopulmonary aspergillosis (ABPA). However, our understanding of the pathogenesis of A.f-sensitized asthma and ABPA remains inadequate.



Objective

We aimed to investigate the clinical and immunological characteristics of A.f-sensitized asthma and ABPA.



Methods

A total of 64 ABPA and 57 A.f-sensitized asthma patients were enrolled in the study, and 33 non-A.f-sensitized asthma patients served as the control group. The clinical and immunological parameters included lung function, fractional exhaled nitric oxide (FeNO), induced sputum and blood cell analysis, specific IgE/IgG/IgA of A.f and its components, cytokines (IL-33, IL-25, and TSLP) and CD4+T cell subsets.



Results

The eosinophils in blood, induced sputum, and FeNO were significantly higher in ABPA patients compared to that in A.f-sensitized patients. The combination of FeNO and eosinophils (EO) parameters presented good diagnostic efficiency in differentiating A.f (+) asthma from ABPA, with a sensitivity of 80% and a specificity of 100%. Specific IgE, IgG, and IgA against A.f also increased in ABPA patients. However, serum IL-25, IL-33, and TSLP showed no significant differences between the two groups. Cell analysis showed an increase in IFN-γ+Th1 cells in the ABPA patients. FlowSOM analysis further confirmed that the frequency of CD3+CD4+PD-1+CD127+IFN-γ+T cells was higher in ABPA patients.



Conclusion

Our findings suggest the distinct humoral and cell immunological responses in A.f-sensitized asthma and ABPA patients. ABPA patients have more severe eosinophilic inflammation and enhanced Th1 responses compared with A.f-sensitized asthma patients.
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Introduction

Asthma is a heterogeneous disease characterized by chronic airway inflammation and airway hyperresponsiveness. The main clinical manifestations are recurrent wheezing, shortness of breath, chest tightness, or cough (1). According to recent epidemiological surveys in China (2), more than 45 million adults over the age of 20 suffered from asthma, and the majority of them suffered from allergic asthma. Fungi, especially Aspergillus fumigatus (A.f), are common airborne allergens that cause allergic asthma (3). The colonies of A.f are fluffy or flocculated and can grow rapidly. With thermophilic feature, A.f can colonize in the airway and cause invasive infection; its sensitization is also a risk factor for severe asthma (4).

Allergic bronchopulmonary aspergillosis (ABPA) is a chronic inflammation triggered by repeated exposure to A.f, which has colonized for a long time in the airway (5). The clinical manifestations include chronic asthma or bronchiectasis and recurrent wandering pulmonary shadows or mucus blockage in lung images (6). While ABPA was mostly found in patients with bronchial asthma or cystic fibrosis in Western countries, it was more common in patients with asthma and bronchiectasis in China (7). A study revealed that the estimated prevalence of ABPA in adults with asthma was at 2.5% (8) and could rise up to 45% in patients with A.f-sensitized asthma (9). As the symptoms were extremely similar to those of asthma and other airway diseases, ABPA was always misdiagnosed in clinical practice. A study in China revealed that nearly 70% of the ABPA patients in the country had been misdiagnosed. Among them, 21% were misdiagnosed as tuberculosis and received anti-tuberculosis therapy for at least 1 year. Some patients would receive high-dosage inhalant or systemic steroids and antibiotics but were always resistant to the treatments (10). Thus, it is of great significance to distinguish ABPA from asthma, especially A.f-sensitized asthma.

Currently, the diagnosis for ABPA mainly relies on total IgE (tIgE), specific IgE (sIgE) against A.f, pulmonary imaging, and blood eosinophil count. However, most of these indicators are non-specific and not very sensitive. A detailed mechanism and surrogate indicators of ABPA and A.f-sensitized asthma still need further investigation. In this study, we investigated clinical and immunological characteristics of ABPA and A.f-sensitized asthma with a view of elucidating the underlying mechanism and exploring potential biomarkers to discriminate ABPA from A.f-sensitized asthma.



Materials and methods


Patients

This study was conducted from September 2018 to June 2021 in the Department of Respiratory Medicine at the First Affiliated Hospital of Guangzhou Medical University and the Department of Allergy, Tongji Hospital, Tongji Medical College. The inclusion criteria for patients enrolled in our study were those who were diagnosed with asthma or ABPA, based on Global Initiative for Asthma (GINA) guidelines (http://ginasthma.org/) and ABPA criteria (11). The exclusion criteria were (1) patients with chronic diseases such as tuberculosis, chronic obstructive pulmonary disease, coronary heart disease, hypertension, diabetes, and tumor and (2) patients who received systemic glucocorticoids or monoclonal antibodies within 1 month that might affect the levels of eosinophil or tIgE before enrollment. The study was approved by the Independent Ethical Committee of First Affiliated Hospital of Guangzhou Medical University (No. GYFYY-2016-73) and Tongji Hospital (No. TJ-IRB20210761). Each participant or their guardian provided a written informed consent.

Based on clinical data, sIgE against A.f, chest computerized tomography (CT) reports, and peripheral blood eosinophil counts, the enrolled patients were divided into three groups: non-A.f-sensitized asthma [A.f (−) asthma], A.f-sensitized asthma [A.f (+) asthma], and ABPA. The demographic data included gender, age, height, weight, and other basic information of the patients. The count and percentage of peripheral blood cells including white blood cell (WBC), neutrophils (NEUT), lymphocytes (LY), and eosinophils (EO) and infection-related indicators such as erythrocyte sedimentation rate (ESR) and procalcitonin (PCT) were also collected in the first detection after hospitalization. According to the GINA guideline, asthma control test (ACT) was used for each patient in the enrollment stage to evaluate the control level of these three groups. The total score of ACT was 25, in which ≥20 was defined as controlled and <20 was uncontrolled.



Clinic and immunological parameters


Lung function and fractional exhaled nitric oxide

Lung function was measured by spirometry on a MasterScreen Pneumo (Jaeger, Wurzburg, Germany) spirometer. The parameters for such measurement included forced vital capacity (FVC), forced expiratory volume in 1 s (FEV1), FEV1/FVC, peak expiratory flow (PEF), maximum mid-expiratory flow (MMEF), maximal expiratory flow 50 (MEF50), and maximal expiratory flow 25 (MEF25). Fractional exhaled nitric oxide (FeNO) level was measured with a portable electrochemical device (NIOX MINO; Aerocrine AB, Stockholm, Sweden), and the upper normal limit was 25 ppb.



Induced sputum cytology classification

After gargling with water, the subjects underwent sputum induction by inhaling 3% sodium chloride solution with ultrasonic atomization for 15 min and coughed up the sputum to the Petri dish. Sputum of 3–5 ml was weighed and added into 0.1% dithionitol solution with four times volume. After 1 min of vortex shock, the sputum was incubated in a 37°C water bath for 10 min until the specimen was liquefied. The samples were filtered by a 300-mesh nylon filter, and the filtrate was centrifuged at 3,000 rpm for 10 min. The cell precipitate was prepared into cell smears, which were dried in a 55°C oven. The cell smears were fixed with 10% formaldehyde and stained with Raysgiemsa for 15–20 min. Sputum cells including eosinophils (SEO), neutrophils (SNEUT), macrophages (SMø), and lymphocytes (SLY) were classified and counted under a microscope.



IgE, IgG, and IgA detection

The serum sample was collected to analyze tIgE and A.f-sIgE using ImmunoCAP 1000 provided by Thermo Fisher Scientific Inc. Positive sIgE was categorized into six classes: class 1 (≥0.35–<0.70 KU/L), class 2 (≥0.70–<3.50 KU/L), class 3 (≥3.50–<17.50 KU/L), class 4 (≥17.50–<50 KU/L), class 5 (≥50–<100 KU/L), and class 6 (≥100 KU/L).

Specific IgA, IgG4, and IgE against A.f and its components (Asp f1, Asp f3, and Asp f9) were measured by A.f components test kit (Hangzhou Zheda Dixun Biological Gene Engineering Co, Ltd, Hangzhou, China). The recombinant A.f and its components (Asp f1, Asp f3, and Asp f9) were precoated on the chip. After serum was incubated on the chip for 1 h, anti-human IgE/IgA/IgG4 antibodies (conjugated by biotin) and alkaline phosphatase–streptavidin were added consecutively. The concentrations of IgE/IgA/IgG4 against A.f were calculated by a series of protein standardization. The positive cutoff value of sIgG4 was set by 95% percentile of upper limit of 210 healthy non-allergic donors; sIgG4 above 156 UA/ml, sIgA above 10 U/ml, and sIgE above 0.35 IU/ml were defined as positive.




Interleukin-33, IL-25, thymic stromal lymphopoietin assay

Concentrations of interleukin (IL)-33 (EHC151, Neobioscience, China), IL-25 (EHC180, Neobioscience, China), and TSLP (EK0958, BOSTER, China) in serum were determined using their specific enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturer’s instructions.


Cell staining and flow cytometric analysis

Peripheral blood mononuclear cells (PBMCs) of patients were isolated and stored in liquid nitrogen. Thawed PBMCs of ABPA patients and A.f (+) asthma patients were incubated with 25 µg/ml A.f allergen extracts and 100 ng/ml PMA (phorbol-12-myristate 13-acetate, MCE, China) for 6 h. PBMCs of house dust mite (HDM)-positive group were incubated with 25 µg/ml HDM and 100 ng/ml PMA also for 6 h as control, and then, the harvested cells were prepared at a concentration of 1×106 in 100 µl flow cytometry (FACS) staining buffer and were stained with Live/Dead Fixable Read cell stain kit (Invitrogen, USA), anti-human CD3, CD4, CD183 (CXCR3), CD294 (CRTH2), CD25, CD127, IL-4, IL-13, and IFN-γ antibodies (Biolegend, USA), and CD279 (PD-1), IL-10, and CD185 (CXCR5) (BD Biosciences, USA). T subsets were gated by Th1 (CD3+CD4+CXCR3+), Th2(CD3+CD4+CRTH2+), Tfh (CD3+CD4+CXCR5+PD-1+), and Treg (CD3+CD4+CD25+CD127low/−) (12, 13). Stained cells were acquired with FACS Caliber (BD, Biosciences, Milpitas, CA, USA), and the data were analyzed with FlowJo software.



FlowSOM algorithm

The FlowSOM algorithm helps to obtain an overview of all markers and expression on all cells to identify novel subsets. Viable cells were downsampled to 1,000 cells per triplicate and donor using the Downsample version 3.3 plugin for FlowJo and were concatenated to one sample per group. FlowSOM was performed for each study group separately. Flow cytometry standard (FCS) files were manually pregated as CD3+CD4+ Live/Dead and were sorted into 15 metaclusters, which provided sufficient metaclusters to capture the expected number of unique cell types while potentially uncovering other biologically interesting populations. For the second study group, we chose the option “apply on map” of the first analyzed study group. Heat maps were generated for both study groups including all parameters. The resulting metaclusters were manually inspected for the expression of marker using the heat map.




Statistical analysis

Continuous variables with normal distribution were represented as mean ± standard deviation (SD), while non-normal distribution was represented by median and range interquartile. Quantitative data among multiple groups was analyzed by ANOVA and Kruskal–Wallis tests. Categorical variables in terms of frequency and percentage were expressed and were compared using the χ2 or Fisher’s exact tests as appropriate. Spearman rank test was used for correlation evaluation. Multivariate logistic regression models were constructed, and least absolute shrinkage and selection operator (LASSO) regression method was used for feature selection, and the area under receiver operating characteristic (ROC) curve (AUC) was used to verify the sensitivity and specificity of models. Statistical analyses were performed using SPSS version 20.0 (IBM, Chicago, IL) and R package version 3.5.1. p<0.05 was considered as statistically significant.




Results


Patient characteristics

A total of 154 patients were recruited and divided into three groups, including 33 patients with A.f (−) asthma, 57 patients with A.f (+) asthma, and 64 ABPA patients. There was a significant difference in age between ABPA and A.f (+) asthma (p<0.05). The parameters of lung function showed that FVC (%), FEV1 (%), FEV1/FVC (%), PEF (%), MEF75/25 (%), MEF50 (%), and MEF25 (%) in the ABPA group and the A.f (+) asthma group were lower than those in the A.f (−) asthma group (both p<0.05), but these parameters showed no statistical significance between the ABPA and A.f (+) asthma groups. FeNO in the ABPA group was higher than that in the A.f (+) asthma and the A.f (−) asthma group (both p<0.01). In venous blood cell analysis, both EO and EO% in ABPA group were higher than those in A.f (+) asthma and A.f (−) asthma group (p<0.001). In the induced sputum cytology classification, the SEO% of the ABPA group was higher than that of A.f (+) asthma and A.f (−) asthma groups (p<0.05), and SNEUY% and SMø% in the ABPA group presented significant difference compared with A.f (−) asthma group (both p<0.05) (Table 1).


Table 1 | The comparison of clinical parameters in the three groups.



There was no difference in tIgE, but significant difference in A.f-sIgE among the three groups, in which the ABPA group had significantly higher sIgE level than the other two groups (10.24 vs. 1.15 vs. 0.07, p<0.05). ACT scores were statistically different (15 vs. 18 vs. 21, p<0.01) among the three groups, and the lowest was found in the ABPA group (Figure 1).




Figure 1 | The comparison of tIgE, A.f-sIgE, and ACT score in three groups. ABPA, allergic bronchopulmonary aspergillosis; A.f (+) asthma, Aspergillus fumigatus-sensitized asthma; A.f (−) asthma, non-Aspergillus fumigatus sensitized asthma. ns, no significance; **p<0.01; ***p<0.001.



It should be noted that 95.20% of ABPA patients did not reach the control level; the percentage was 74.30% in A.f (+)-asthma patients and only 27.30% in A.f (−)-asthma patients (Figure 2A). The level of A.f-sIgE in 76.2% of the ABPA patients was classified as high concentration (classes 3−6), while only 25.7% of the A.f (+) asthma patients had sIgE level equal or above class 3 (Figure 2B).




Figure 2 | Control situation and class of A.f-sIgE in different groups. (A) Control situation among ABPA, A.f (+) asthma, and A.f (−) asthma. (B) Class of A.f-sIgE between ABPA and A.f (+) asthma. ABPA, allergic bronchopulmonary aspergillosis; A.f (+) asthma, Aspergillus fumigatus-sensitized asthma; A.f (−) asthma, non-Aspergillus fumigatus-sensitized asthma.





Correlation of clinical and immunological parameters in different groups

There were positive correlations between ACT score and all lung function parameters (p<0.01) and negative correlations between ACT and A.f-sIgE, FeNO, SEO%, EO%, and EO (p<0.01). A.f-sIgE was positively correlated with FeNO value, SEO%, EO%, and EO (p<0.01) and negatively correlated with ACT score and all lung function parameters (p<0.01). All lung function parameters except MEF50 (%) were negatively correlated with FeNO and SEO% (p<0.05). FeNO value was positively correlated with SEO%, EO%, and EO (p<0.01) (Figure 3).




Figure 3 | Correlation of clinical parameters in all the patients. ACT, asthma control test; A.f, Aspergillus fumigatus; BMI, body mass index; tIgE, total IgE; FVC, forced vital capacity; FEV1, forced expiratory volume in 1 s; PEF, peak expiratory flow; MMEF, maximum mid-expiratory flow; MEF50, maximal expiratory flow 50; MEF25, maximal expiratory flow 25; FeNO, fractional exhaled nitric oxide; SNEUT, sputum neutrophils; SMø, sputum macrophages; SEO, sputum eosinophils; SLY, sputum lymphocytes; WBC, white blood cell; NEUT, neutrophils; LY, lymphocytes; EO, eosinophils; ESR, erythrocyte sedimentation rate; PCT, procalcitonin. *p<0.05; **p<0.01.



For the ABPA group, ACT was positively correlated with all lung function parameters (p<0.05), A.f-sIgE value was positively correlated with tIgE (p<0.05), and tIgE value was negatively correlated with EO (p<0.05). For the A.f (+)-asthma group, ACT score was positively correlated with all lung function parameters (p<0.01); all the lung function parameters except FEV1 (%) were negatively correlated with SEO% (p<0.05). FeNO was positively correlated with SEO% (p<0.01). For the A.f (−)-asthma group, ACT value was positively correlated with FEV1 (%), FEV1/FVC(%), MEF75/25(%), MEF50 (%), and MEF25 (%) (p<0.05); A.f-sIgE was negatively correlated with MEF50 (%) (p<0.05); FeNO was positively correlated with SEO% and EO (p<0.05); and FVC (%) and MEF50 (%) were positively correlated with EO% (p<0.05) (Figure 4).




Figure 4 | Correlation of clinical parameters in the three groups. ACT, asthma control test; A.f, Aspergillus fumigatus; BMI, body mass index; tIgE, total IgE; FVC, forced vital capacity; FEV1, forced expiratory volume in 1 s; PEF, peak expiratory flow; MMEF, maximum mid-expiratory flow; MEF50:maximal expiratory flow 50; MEF25, maximal expiratory flow 25; FeNO, fractional exhaled nitric oxide; SNEUT, sputum neutrophils; SMø, sputum macrophages; SEO, sputum eosinophils; SLY, sputum lymphocytes; WBC, white blood cell; NEUT, neutrophils; LY, lymphocytes; EO, eosinophils; ESR, erythrocyte sedimentation rate; PCT, procalcitonin. ***p < 0.001; ns indicates no statistical significance.





Predictive value of clinical parameters in A.f (+) asthma and ABPA

ROC curve was used to analyze the predictive value of clinical parameters for A.f (+) asthma and ABPA. We found that A.f-sIgE, FeNO, SEO%, EO%, and EO had a higher predictive value (cutoff, 4.108; AUC=0.749; CI, 0.629–0.869; cutoff, 55.5; AUC=0.811; CI, 0.707–0.916; cutoff, 6.625; AUC=0.738; CI, 0.619–0.857; cutoff, 8.7; AUC=0.738; CI, 0.619–0.857; cutoff, 0.815; AUC=0.922; CI, 0.856–0.988) than other parameters (Figures 5A–D). In differentiating A.f (+) asthma from ABPA, the combination of FeNO and EO parameters can optimize the diagnostic efficiency, and the sensitivity and specificity were 80% and 100%, respectively (AUC=0.948; CI, 0.897–0.999) (Figure 5E).




Figure 5 | Predictive value of clinical parameters in A.f (+) asthma and ABPA. A.f (+) asthma, Aspergillus fumigatus-sensitized asthma; ABPA, allergic bronchopulmonary aspergillosis. (A–D) ROC curve analyzed the predictive value of clinical parameters for A.f (+) asthma and ABPA; (E) ROC curve analyzed the predictive value of combination of FeNO and EO parameters.



As for the immunological parameters, no significant difference was found with IL-33, IL-17E, and TSLP among these groups (p>0.05) (Figure 6).




Figure 6 | IL-33, IL-25, and TSLP levels in different groups. (A) IL-33, IL-25, and TSLP levels in ABPA group; (B) IL-33, IL-25, and TSLP levels in A.f (+) asthma group; (C) IL-33, IL-25, and TSLP levels in A.f (−) asthma group. IL-33, interleukin 33; IL-25, interleukin 25; IL-17E, interleukin 17E (can be as IL-25); TSLP, thymic stromal lymphopoietin; ABPA, allergic bronchopulmonary aspergillosis; A.f (+) asthma, Aspergillus fumigatus-sensitized asthma; A.f (−) asthma, non-Aspergillus fumigatus-sensitized asthma. *p<0.05 and **p<0.01.



Compared with specific antibodies and their components between ABPA and A.f (+) asthma, the levels of A.f-sIgG4, A.f-sIgA, and A.f-sIgE in ABPA were significantly higher than those in the A.f (+) asthma group (105.3 vs. 15.6, p=0.023; 0.15 vs. 0.03, p=0.014; 8.4 vs. 1.44, p=0.002, respectively). sIgA and sIgE components also presented significant differences in IgA of Asp f9 (0.46 vs. 0.05, p=0.003) and IgE of Asp f3 (2.43 vs. 0.06, p=0.007) and Asp f9 (19.24 vs. 0.06, p=0.001) between ABPA and A.f (+) asthma (Figure 7).




Figure 7 | The level of IgG4, IgA, and IgE against A.f in different groups. ABPA, allergic bronchopulmonary aspergillosis; A.f (+) asthma, Aspergillus fumigatus-sensitized asthma; m3, crude extract of A.f; Asp f1, Asp f3, and Asp f9, components of A.f; ns, no significance; *p<0.05; **p<0.01.



The PBMCs from seven ABPA patients, six A.f (+)-asthma patients, and seven HDM-sensitized asthma [HDM (+)-asthma] patients were collected and exposed to 25 µg/ml A.f or HDM extracts, respectively, for 6 h. The percentages of Th1 (CD3+CD4+CXCR3+), Th2 (CD3+CD4+CRTH2+), Tfh (CD3+CD4+CXCR5+PD-1+), and Treg (CD3+CD4+CD25+CD127low/−) had no significant differences among the three groups. After exposure to allergen, only the Th2 in the HDM group increased significantly (all p<0.05). The signature cytokine-secreting T-cell subsets including Th1 (IFN-γ), Th2 (IL-4 and IL-13), Tfh (IL-13), and Treg (IL-10) were also detected; the percentage of IFN-γ-positive Th1 in the ABPA group was 69.62% ± 13.52%, which was higher than that in the HDM group (34.23% ± 9.95%) (p<0.05). After allergen exposure, the IFN-γ-positive Th1 cells of both ABPA and A.f (+)-asthma patients decreased; however, there was no statistical change in the HDM group after HDM exposure (Figure 8).




Figure 8 | CD4+ T-cell subsets and cytokines expression. (A) Manual gating strategy for CD4+ T-cell subsets and representative plots for Th1 (CD3+CD4+CXCR3+), Th2 (CD3+CD4+CRTH2+), Tfh (CD3+CD4+CXCR5+PD-1+), and Treg (CD3+CD4+CD25+CD127low/−). IFN-γ+Th1, IL-4+ Th2, IL-13+ Th2, IL-13+ Tfh, and IL-10+ Treg were representatively exhibited and compared with FMO control. (B) The dot plot figures showed CD4+ T-cell subsets; (C) the cytokines of the Th1 (IFN-γ), Th2 (IL-4 and IL-13), Tfh (IL-13), and Treg (IL-10). ABPA, allergic bronchopulmonary aspergillosis; A.f (+) asthma, Aspergillus fumigatus-sensitized asthma; HDM (+) asthma, house dust mite-sensitized asthma; Th1, T helper cells 1; Th2, T helper cells 2; Tfh, follicular helper T cells; Treg, regulatory T cells; IFN-γ, interferon γ; IL-4, interleukin 4; IL-13, interleukin 13; IL-10, interleukin 10. *p<0.05, **p<0.01; ***p<0.001.



The FlowSOM algorithm was further used to cluster, visualize, and compare the differences of CD3+CD4+T cells among the ABPA, A.f (+)-asthma patients, and HDM (+)-asthma patients before and after exposure. The result identified that the frequency of metaclusters of pop 10 (CD3+CD4+PD-1+CD127+IFN-γ+), pop 13 (CD3+CD4+PD-1+IFN-γ+) and pop 6 (CD3+CD4+CD127+CXCR5+) were higher in the ABPA group compared with that in the A.f (+)-asthma group; meanwhile, pop 13 (CD3+CD4+ PD-1+IFN-γ+) increased and pop 11 (CD3+CD4+CD25+CD127+PD-1+) decreased after exposure to allergen in the ABPA patients. The metaclusters of pop 13 also increased in the A.f (+)-asthma group after exposure; however, pop 11 was slightly changed by stimulation. For the HDM-allergic patients, the frequencies of pop 3, pop 4, pop 10, pop 11, pop 12, and pop 13 were all lower compared to ABPA group patients (Figure 9).




Figure 9 | FlowSOM algorithm. Spanning tree visualization of a self-organizing map using compensated flow cytometric data. Data were taken from the lineage (CD3+, CD4+) gate. (A) heatmap of the FlowSOM clustering; (B) minimal spanning tree for 15 metaclusters; (C–H) FlowSOM nodes represent clusters of cells. Metaclusters of the nodes, determined by the map, are represented by the background color of the nodes. A.f (+) asthma, Aspergillus fumigatus-sensitized asthma; HDM (+) asthma, house dust mite-sensitized asthma.



We further defined the metacluster of CD3+CD4+ CD25+CD127+ cells as the activated Tregs and compared these metacluster cells with Treg (CD3+CD4+ CD125+CD127low/−). The metaclusters of the three groups all increased after stimulation [from 2.85% ± 1.62% to 3.49% ± 1.89% in the ABPA group; from 2.95% ± 2.58% to 3.97% ± 1.63% in the A.f (+)-asthma group; from 3.20% ± 0.85% to 4.0% ± 1.73% in the HDM (+)-asthma group]. For the ABPA group, the IL-4, IL-13 and IFN-γ+ expression on the metacluster all decreased after allergen exposure; however, the expression of these cytokines barely changed in the metacluster of A.f (+) asthma, Treg of ABPA, and A.f (+) asthma. These cytokines even increased in the metacluster of the HDM (+)-asthma group. The IL-4 expression statistically upregulated in the metacluster in the HDM group after allergen exposure (Figure 10). The metacluster of CD3+CD4+PD-1+ also increased in all groups after stimulation; however, only the CD3+CD4+PD-1+IFN-γ+ of ABPA decreased (Supplementary Figure).




Figure 10 | Treg (CD3+CD4+CD25+CD127low/−), metacluster (CD3+CD4+CD25+CD127+), and their cytokines expression. (A) Manual gating strategy for metacluster (CD3+CD4+CD25+CD127+); (B) the dot plot figures showed the percentage of Treg and the cytokines of the IL-4, IL-10, IL-13, and IFN-γ; (C) the percentage and cytokines (IL-4, IL-10, IL-13, and IFN-γ) of metacluster (CD3+CD4+CD25+CD127+) are shown. MC, metacluster (CD3+CD4+CD25+CD127+); ABPA, allergic bronchopulmonary aspergillosis; A.f (+) asthma, Aspergillus fumigatus-sensitized asthma; HDM (+) asthma, house dust mite-sensitized asthma; Th1, T helper cells 1; Th2, T helper cells 2; Tfh, follicular helper T cells; Treg, regulatory T cells; IFN-γ, interferon γ; IL-4, interleukin 4; IL-13, interleukin 13; IL-10, interleukin 10. *p<0.05.






Discussion

In this study, we compared the clinical and immunological characteristics in ABPA and A.f-sensitized asthma patients. We found that the eosinophils in blood and induced sputum and FeNO were significantly higher in ABPA patients compared to A.f-sensitized patients. Immunological analysis showed that A.f-specific IgE, IgG, IgA, and IFN-γ+Th1 cells also increased in ABPA patients. These findings suggested ABPA patients had more severe eosinophilic inflammation and enhanced Th1 responses compared with A.f-sensitized asthma patients. In addition, we first showed that the combination of FeNO and eosinophils parameters had good diagnostic efficiency in differentiating A.f (+) asthma from ABPA and thus provided an easy tool other than sIgE and tIgE tests in clinical practice.

The first important thing about this tool is that our study highlighted the importance of eosinophils in the diagnosis of ABPA. Like fungus-sensitized asthma—a type-2 (T2) inflammation caused by eosinophilia (14), ABPA is also a chronic lung inflammation with eosinophilia (14). In fact, eosinophilia has been considered as an important indicator for the diagnosis of ABPA (15). Just as fungal sensitization, whose incidence in patients ranges from 35% to 75% (16), tends to make asthma more severe (17), in our study, we observed that the SEO%, EO, and EO% in induced sputum and peripheral blood of ABPA patients were significantly higher than in A.f- and HDM-sensitized asthma patients, which further proved the importance of eosinophils in the diagnosis of ABPA. In addition, we found that in the ABPA group, FeNO levels, which had been regarded as an indicator of eosinophil inflammation in the airway, were significantly higher than those in the other two groups. Our study suggested that ABPA had more severe eosinophilic airway inflammation than A.f-sensitized asthma, and FeNO could be considered as a surrogate indicator in the diagnosis of ABPA.

Apart from an emphasis on eosinophilia, we also want to underscore that the measurement of lung function played an important role in the management of asthma and ABPA (18). In the early stage of ABPA, there might be no shadow on lung imaging, but peripheral bronchi and small airway had been involved (19); therefore, it was necessary to assess airway injury with a lung function test. The lung function of ABPA patients was mainly characterized by reversible obstructive ventilatory dysfunction in acute phase, and it was mixed ventilatory dysfunction with reduced diffusion function in chronic phase (20). We found that the lung function parameters decreased in all the three groups, with those in A.f (+)-asthma and ABPA groups decreasing more obviously, suggesting that A.f might be one of the main reasons leading to accelerated deterioration of lung function. However, there was no statistical difference between the ABPA and the A.f (+)-asthma group, which was similar to previous studies (21, 22). Some studies found that bronchiectasis and more severe airflow obstruction were associated with A.f sensitization.

Another specific indicator of ABPA was also reviewed in our study. A.f-sIgE was considered to be the most sensitive of all laboratory indicators in ABPA diagnosis (21, 22). We analyzed the sensitization of A.f in ABPA and A.f (+)-asthma groups and found that the level of A.f-sIgE in the ABPA group was higher than that in the A.f (+)-asthma group. Many studies had shown that the IgE titer of recombinant A.f in ABPA patients was higher than that in non-ABPA asthma, which indicated that ABPA patients had a stronger T2 immune response to A.f and produce a high level of sIgE and tIgE (23, 24). Thus, the level of A.f-sIgE could be used to distinguish ABPA from A.f-sensitized asthma; moreover, the cutoff value of A.f-sIgE as a diagnostic indicator for ABPA should be elevated at a higher level and investigated in large population rather than the A.f-sIgE test result just being positive (above 0.35 KU/L).

Our understanding of ABPA and asthma, despite their similarities in symptoms and treatments, was enhanced not only by our study of the indicators but also by the correlations between these indicators. We used ACT to assess control of A.f (+) asthma, A.f (−) asthma and ABPA and found that ABPA had the lowest ACT score among the three groups. In the correlation analysis, we also found that ACT was positively correlated with all lung function parameters and negatively correlated with A.f-sIgE, FeNO, SEO%, EO%, and EO. Studies had shown that the acute phase of ABPA was associated with a reversible decline in lung function (25), and eosinophils were the primary mediators of inflammatory activity in ABPA (26), which was consistent with our findings that ABPA had the worst control level, which may be accounted for by the decreased lung function and eosinophilia. In addition, we found a negative correlation between lung function parameters and SEO% in the three groups; however, no correlation between peripheral blood eosinophils and lung function parameters was observed in the ABPA group, which suggested that sputum eosinophils were more sensitive in reflecting exacerbation of lung function in ABPA than blood eosinophils.

Nitric oxide (NO) mediated a variety of physiological reactions at low level, while a high level of NO was involved in the occurrence of innate immunity and chronic inflammatory diseases (27). In our study, there was a significant negative correlation between ACT score and FeNO in the three groups, which indicated that patients with higher FeNO tend to suffer from uncontrolled asthma or ABPA. It is suggested that FeNO could be a biomarker that integrates both airway inflammation and lung function changes (28), which was consistent with our findings that a negative correlation existed between FeNO and lung function parameters. We also found that A.f-sIgE was positively correlated with FeNO, SEO%, EO%, and EO and negatively correlated with ACT and all lung function parameters, which re-confirmed the relationship of sensitization of A.f and poor control of asthma and ABPA.

To distinguish A.f (+)-asthma patients from ABPA accurately, we further compared the ROC curves of the potential clinical indicators. Our study suggested that some parameters such as A.f-sIgE, FeNO, SEO%, EO%, and EO had good diagnostic efficiency. However, the cutoff values of these indicators were different from the current criteria. For example, the current criteria proposed that A.f-sIgE is >0.35 KAU/L and EO >0.5×109/L for the diagnosis of ABPA (11), while we found that the best diagnostic efficiency could be achieved when the cutoff value of A.f-sIgE was 4.108 KU/L and EO was 0.815×109/L. We strongly suggest that the optimal cutoff values of these indicators should be investigated and validated in a large population. We also tried to incorporate the indicators into the ROC analysis. Just as we expected, a sensitivity of 80% and a specificity of 100% were obtained in the combined FeNO and EO diagnostic model, which implied that for A.f(+)-asthma and ABPA with high-level tIgE, the combination of FeNO and EO for differential diagnosis was reliable and had the advantages of convenience and low cost.

We also studied epithelial-cell-derived IL-33, IL-25, and TSLP, which were regarded as alarmins and played pivotal roles in the initiation of allergic inflammation in asthma (29). Their receptors widely expressed in structural cells and innate and adaptive immune cells, contributing to the airway disease by driving inflammatory processes (30). The expression of IL-33, IL-25, and TSLP should be higher in ABPA and asthma theoretically. However, we did not find a significant difference in serum IL-33, IL-25, and TSLP among ABPA, A.f-sensitized asthma, and non-A.f-sensitized asthma, which was consistent with previous studies (26). The explanation for the absence of increased IL-33, IL-25, and TSLP may be that we examined these cytokines in serum samples rather than in bronchial epithelium. It is possible that these cytokines in the sputum will provide more favorable information. However, lack of enough sputum samples did not allow us further pursuit, which was a limitation of our study. Simultaneously measuring the cytokine secretion and mRNA expression of the epithelium cells may provide robust evidence for roles of these cytokines in ABPA and A.f-sensitized asthma.

Genetic factors and activation of bronchial epithelial cells in asthma or cystic fibrosis are responsible for CD4+Th2 lymphocyte activation and production of A.f-sIgE, A.f-sIgG and A.f-sIgA (31). ABPA is a disease commonly associated with asthma and cystic fibrosis; theoretically, specific antibodies to A.f in ABPA would be higher. In our study, we found that sIgG4, sIgA, and sIgE in ABPA were higher than those in A.f-sensitized asthma, which coincided with the previous study (32). Similarly, one study that looked into the total IgG4 level (not A.f-IgG4) also found that IgG4 levels in ABPA patients were higher than that in asthma (33). Apart from the A.f-specific antibodies analysis, we further investigated the A.f component antibodies profiles in the ABPA and A.f-sensitized asthma patients. Asp f1 was the major component of A.f, and Asp f3 and Asp f9 were components that often caused cross-sensitization. In our study, we that found Asp f9-sIgA and Asp f9-sIgE and Asp f3-sIgE in the ABPA group was significantly higher than those in A.f-sensitized asthma, however, specific antibodies (including IgG4, IgE, and IgA) against Asp f1 showed no difference in the two groups. Our study was not consistent with previous studies that suggested that sIgE against Asp f 1, Asp f 2, Asp f 4, and Asp f 6 in ABPA were higher than that in A.f-sensitized asthma (34). This discordance may be attributed to small sample sizes in the relevant studies. In addition, the clinical significance of specific antibody levels of Asp f3 and Asp f9 between the two groups remains unclear. Our study provided preliminary information of specific antibodies against Asp f3 and Asp f9 in ABPA and A.f-sensitized asthma and the detailed role of these antibodies need to be elucidated in further studies.

ABPA- and A.f-sensitized asthmas are regarded as type 2 inflammation, and the activation of Th2 cells play important roles in their pathogenesis. Becker et al. reported that A.f plays a primary role in the induction of a Th2 response in human PBMCs (35). Emerging data have supported that APBA pathophysiology shifted from immune deviation toward favored Th2 responses (36). However, A.f is an invasive fungus and could also elicit type 1 inflammation by pathogen-associated molecular patterns (PAMPs) in which innate immune cells and antigen presenting cells were involved (37). In our study, we found that the IFN-γ+Th1 cells especially CD3+CD4+PD-1+CD127+IFN-γ+T cells significantly increased in ABPA patients when compared to A.f-sensitized patients, which suggested that there might be more severe airway epithelial damage in the ABPA patients, driving a shift to Th1 inflammation. However, we did not find the difference in epithelial damage-related cytokines such as IL-25, IL-33, and TSLP in sera of the two groups. As we mentioned above, we think the cytokine analysis that directly targeted epithelial cells will provide more details of mucus barriers dysfunction in ABPA. The FlowSOM algorithm confirmed that the frequency of CD3+CD4+PD-1+CD127+IFN-γ+T cells was higher in ABPA patients. It was reported that PD-1 maintains tolerance and CD127 could be upregulated in activated Treg cells (38, 39). We further gated metacluster (CD3+CD4+ CD25+ CD127+) and metacluster (CD3+CD4+ PD-1+), the two metaclusters increased in all the groups after stimulation. However, cytokines, especially the IFN-γ of the two metaclusters declined only in ABPA, although no statistical significance was found. The decline in the cytokine expression in ABPA patients might impair the tolerance function of the cells and lead to disease progression. However, more samples are needed to confirm our findings.

In conclusion, A.f sensitization was an important factor leading to the decline of lung function and the worsening of asthma control in asthma and ABPA patients. ABPA patients showed a higher FeNO level and eosinophils in blood and induced sputum, suggesting a more severe eosinophilic inflammation in ABPA pathogenesis. The combined application of FeNO and EO was reliable and convenient for the differential diagnosis of ABPA and A.f-sensitized asthma. These findings help to discriminate ABPA from A.f-sensitized patients, and the indicators should be further validated in large population.
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Changes in microbiome (dysbiosis) contribute to severity of allergic asthma. Preexisting epidemiological studies in humans correlate perinatal dysbiosis with increased long-term asthma severity. However, these studies cannot discriminate between prenatal and postnatal effects of dysbiosis and suffer from a high variability of dysbiotic causes ranging from antibiotic treatment, delivery by caesarian section to early-life breastfeeding practices. Given that maternal antibiotic exposure in mice increases the risk of newborn bacterial pneumonia in offspring, we hypothesized that prenatal maternal antibiotic-induced dysbiosis induces long-term immunological effects in the offspring that also increase long-term asthma severity. Therefore, dams were exposed to antibiotics (gentamycin, ampicillin, vancomycin) from embryonic day 15 until birth. Six weeks later, asthma was induced in the offspring by repeated applications of house dust mite extract. Airway function, cytokine production, pulmonary cell composition and distribution were assessed. Our study revealed that prenatally induced dysbiosis in mice led to an increase in pulmonary Th17+ non-conventional T cells with limited functional effect on airway resistance, pro-asthmatic Th2/Th17 cytokine production, pulmonary localization and cell-cell contacts. These data indicate that dysbiosis-related immune-modulation with long-term effects on asthma development occurs to a lesser extent prenatally and will allow to focus future studies on more decisive postnatal timeframes.
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Introduction

Several risk factors ranging from genetic predisposition, increasing allergen prevalence, decline in parasite infections and changes in microbial colonization are known to contribute to the increasing asthma prevalence particularly in developed countries. These factors critically drive asthma development or asthma severity at different developmental stages. Although maternal exposures have been implicated in long term development of inflammatory diseases, this might be through altering the trajectory over which microbial colonization in offspring occurs. This trajectory is influenced by the transfer of microbiota that starts in utero via pioneer microbiota that settle in the meconium and the fetal gut (1–6). These microbiota resemble either vaginal or oral microbiome suggesting that they cross the placental barrier and subsequently colonize the fetus by translocation from vagina or following oral dissemination (2, 5, 6). During and after birth these pioneer skin and gut microbiota are replenished and displaced by bacteria transmitted during passage through the birth canal and/or breast feeding (7–12). Within the first two years of life the microbiome undergoes further choreographed consolidation driven by environmental factors and nutrition, finally reaching the mature colonization pattern (13–16). Thus, early life exposures during this “neonatal window of opportunity” can change the trajectory through which this mature colonization pattern is established. This results in variable interactions between microbiota and host, and is thought to play a critical role in establishing life-long homeostasis (17, 18). However, whether changes to the maternal microbiome during pregnancy are sufficient to alter asthma risk in offspring via gut-lung axis remains unclear.

Analyzing the modulation of asthma risk by changes of the microbiome requires basal understanding of immune cells involved in asthma development. Severe allergic asthma is synergistically driven by maladaptive T helper (Th) 2 and Th17 immune responses against harmless air-born allergens presented by dendritic cells. Together these pathways initiate a mixed eosinophilic/neutrophilic inflammation driven by IL-5 and IL-17, respectively (19). Also airway hyperreactivity (AHR), airway remodeling and mucus production are modulated by combined Th2/Th17 immune responses (20–22). Other cellular components are lymphoid-derived cells like innate lymphoid cells (ILC) and non-conventional T cells, which contribute to immediate inflammatory responses by expression of cytokines and receptors, phagocytosis capacitites and release of toxic granules (23, 24). ILCs originate from a common lymphoid progenitor, express similar cytokines as T cells, but do not express the T cell receptor. They reside in the tissues and contribute to inflammation by cytokine release (25, 26). Among the ILC subpopulations, ILC2 and ILC3 contribute to an allergic asthmatic phenotype by secretion of IL-5/IL-13 and IL-17A, respectively (27–29). Non-conventional T cells comprise γδ T cells, invariant NKT cells and mucosal-associated invariant T cell (30). In contrast to conventional T cells they do not express an αβ T cell receptor and rather contribute to innate immunity, since they lack the ability to induce allergen-specific B cell activation (31). They can rapidly respond to pathogens via IL-17A secretion In the context of allergic asthma they have the potential to fuel Th2/Th17 induced asthma responses (32, 33). To date it is not clear whether any of these cells are long-term regulated in allergic asthma by early-life changes in microbiome.

In order to test whether changes to the maternal microbiome during late pregnancy are sufficient to alter asthma risk in offspring by modulating lung immune responses, pregnant mice were given antibiotics (Abx) during late pregnancy, to induce dysbiosis in offspring. Control and dysbiosis-exposed offspring were weaned and subsequently exposed to the allergen house dust mite (HDM) in a well-described mouse model of allergic asthma. Compared to control HDM-exposed animals, dysbiosis-exposed offspring subsequently exposed to HDM displayed an increase in the frequency of pulmonary IL-17A+ non-conventional T cells localized around airways. However, this altered IL-17A+ non-conventional T cell frequency was not associated with any functional effect on airway resistance and pro-asthmatic cytokine production. Establishing a staining protocol for immunohistochemistry (IHC) enabled us further demonstrate that prenatal antibiotic exposure does not alter Th17 cell localization as indicated by RORγt staining – either in the airways or in relation to pulmonary CD11c+ antigen presenting cells. Our study suggests that prenatal maternal Abx treatment has insignificant effects on the asthma phenotype in the offspring, indicating that the postnatal colonization may be more important for the pathogenesis of allergic asthma. Thereby, our study will allow to focus future studies on more decisive postnatal timeframes.



Methods


Mice

C57BL/6 mice (in-house breeding) used for establishing microscopic analyses were maintained in the University of Lübeck specific pathogen-free facility and used at 8-12 weeks of age. Animal care was provided in accordance with German animal protection laws. Studies using these mice were reviewed and approved by the Schleswig-Holstein state authorities (registration number 39(44-5/18)). A/J, A/J RORC-GFP as well as C57BL/6 mice (in-house breeding) used for in vivo HDM immunization were maintained in the AAALAC-accredited CCHMC animal facility and used at 6-8 weeks of age. Studies using these mice were reviewed and approved by the CCHMC Institutional Animal Care and Use Committee (registration number 2013-0180). All mice were kept under specific-pathogen-free conditions and received sterile food and drinking water ad libitum.



Animal handling

Experiments including Abx treatment and asthma induction were performed in the CCHMC animal facility. For breeding, one male and 2-3 female C57BL/6 mice were mated overnight, and the following morning the presence of vaginal plugs was assessed. For confirmed pregnant female mice, on embryonic day 15 (E15) drinking water was replaced with water containing 0.5 % sucralose, or 0.5 % sucralose with ampicillin, gentamycin and vancomycin (all from Gold Biotechnology Inc.; all at 1.0 mg/mL) as previously published (34). After birth, Abx treatment was discontinued immediately. Offspring of both biological sexes were weaned at the age of 3-4 weeks. Litter sizes ranged from 3 to 10 pups. At 6-8 weeks, asthma was induced in control and Abx-exposed offspring. Mice were immunized intraperitoneally (i.p.) with 10 µg/100 µL of HDM (Greer Laboratories) on experimental day 0 and 7 dissolved in phosphate-buffered saline (PBS; pH7.4; 685 mM NaCl, 13.5 mM KCl, 50 mM NaH2PO4*H2O, 10 mM Na2HPO4; all from Carl Roth GmbH). Mice originating from one litter were split into both asthma and control group. After 14 and 21 days, mice were treated with 100 µg/40 µL HDM intratracheally (i.t.). Intratracheal treatments were carried out under general anesthesia with ketamine (provided by the veterinary service of CCHMC; 120 mg/kg bodyweight) and xylazine (provided by the veterinary service of CCHMC; 8 mg/kg bodyweight). Control mice received a comparable treatment using PBS. 72 h after the last treatment, lung function was assessed using the flexiVent system (SciReq) and the asthma phenotype was assessed.



Measurement of allergen-induced AHR

AHR was measured in mice anesthetized with sodium pentobarbital (provided by the veterinary service of CCHMC; 70 mg/kg body weight) and xylazine (10 mg/kg body weight). Briefly, the mouse trachea was exposed by surgical incision of the skin, submaxillary glands and muscles surrounding the trachea. Trachea was cannulated using a 20 G cannula that was inserted and tightened by surgical suture. Mice were mechanically ventilated using a flexiVent System at a positive end-expiratory pressure of 3 cm H2O with 150 breaths per minute. Complete muscle relaxation was induced by i.p. injection of pancuronium bromide (Sigma-Aldrich Inc.; 1 mg/kg body weight). Aerosolized Acetyl-β-Methyl-Choline (methacholine; Sigma-Aldrich Inc.) was generated by an ultrasonic nebulizer and delivered with increasing doses (0, 12.5, 50, 100 mg/ml) in-line through the inhalation port for 10 s. Airway resistance (RRS) was measured 2 minutes later.



Collection of bronchoalveolar lavage (BAL) fluid

After lung function measurement, lungs were lavaged three times with 1 mL ice-cold Hank’s Balanced Salt Solution (HBSS; Thermo Fisher Scientific Inc.). To isolate BAL cells, samples were centrifuged (300g, 6 min) and erythrocytes lysed using ACK buffer (Lonza AG). Lysis was stopped by adding ice-cold PBS containing 5 % fetal bovine serum (FBS; Thermo Fisher Scientific) and subsequent centrifugation (300g, 6 min). Total BAL cell counts were determined using a Neubauer chamber. 5-10 x 104 cells were transferred to objective slides by cytospin centrifugation (400 rpm, 4 min). Cytospins were stained with DiffQuick stain (RAL Diagnostics) and 500 cells were morphologically differentiated by light microscopy.



Isolation of pulmonary cells and cytokine measurements

The postcaval lobe was removed and snap frozen for mRNA isolation. Other lobes were minced and incubated in 7 mL RPMI 1640 (Gibco Life Technologies Corp.) containing Liberase™ Research Grade (Sigma-Aldrich Inc.; 1.5 mg/mL), DNAse I (Roche AG; 0.5 mg/mL) and Penicillin/Streptomycin/L-Glutamine (Gibco Life Technologies Corp.; 1 % v/v) for 45 min at 37°C. Single cell suspensions were prepared by passing minced lobes through a 70 µm strainer. Lung cells were centrifuged (400g, 8 min) and erythrocytes were lysed by incubation with ACK buffer (3 min). Cell numbers were determined using a Neubauer chamber and adjusted to 4 x 106 cells/mL and used for cytokine measurements and flow cytometry.



Cytokine measurement

1 x 106 lung cells were restimulated ex vivo with 0.03 mg/mL HDM in RPMI 1640 (10 % FBS, 1 % Penicillin/Streptomycin, 0.1 % β-Mercaptoethanol (Thermo Fisher Scientific Corp.)) for 72 h at 37°C. Supernatants were harvested. Production of interleukin (IL)-4, IL-5, IL-13 and IL-17A in culture supernatants was determined using matched antibody pairs from Invitrogen. ELISA plates were coated with 50 µL of diluted antibodies (IL-4: clone 11B11; IL-5: clone TRFK5; IL-13: clone eBio13A; IL-17A: clone eBio17CK15A5) overnight at 4°C. 1:2 Standard dilution series with a minimum concentration of 4.88 pg/mL were prepared using recombinant IL-4, IL-5, IL-13 and IL-17A (all Invitrogen). Plates were washed and 50 µL of sample were applied overnight at 4°C. Subsequently, plates were washed and biotinylated antibodies (IL-4: clone BVD6-24G2; IL-5: clone TRFK4; IL-13: clone eBio16H; IL-17A: clone eBio17B7) were added for 2 h at RT. Plates were washed and HRP-Avidin (Invitrogen) was added for 30 min at RT. After a final washing step Super AquaBlue Invitrogen™ (Invitrogen Inc.) was added to the wells, and after developing time of 8 - 30 min (until concentration gradient had fully developed) optical density of ELISA plates was determined with a BioTek plate reader (BioTek Instruments Inc.).



Intracellular cytokine measurement by flow cytometry

2.5 x 105 lung cells were restimulated ex vivo in 250 µL Iscove’s modified Dulbeccos’s Medium (IMDM; Thermo Fisher Scientific Inc.) with Phorbol 12-myristate 13-acetate (PMA)/ionomycin (all Sigma-Aldrich Inc.; 50 ng/mL and 500 ng/mL) and 1x Brefeldin/Monensin (Sigma-Aldrich Inc.) for 4 h at 37°C. Cells were centrifuged (400g, 3 min) and the pellet was resuspended in PBS/bovine serum albumin (BSA; 0.5 %; Sigma-Aldrich Inc.). Nonspecific antibody binding was blocked using anti-CD16/CD32 Mouse BD Fc-block™ (Becton, Dickinson Inc.) for 15 min at 37°C. Cells were stained with anti-CD90.2-BV605 (clone 53-2.1, BioLegend Inc.), anti-TCRβ-AF700/AF488 (clone H57-597, BioLegend Inc.) and anti-CD3ϵ-APC-Cy7 (clone eBio500A2, Invitrogen Inc.) for 30 min at 37°C. Cells were washed and BD Horizon Viability Dye V500 (Becton Dickinson Inc.) was added in PBS in darkness for 15 min at RT. Cells were washed and then fixed/permeabilized using Cytofix/Cytoperm™ (Becton Dickinson Inc) in darkness for 60 min at RT. After additional blocking with Fc-Block, intracellular staining with anti-IL-17A-PE (clone eBio17B7; Invitrogen Inc.) for 30 min at 4°C was performed. Flow cytometric measurements were performed using a BD™ LSR II flow cytometer (Becton Dickinson Inc.). IL-17A+ cells were analyzed as depicted in Supplementary Figure 1.



RNA extraction

RNA from the postcaval lobe was isolated using TRIzol™ reagent (Thermo Fisher Scientic Inc.) according to the manufacturer’s instructions. Reverse transcription was performed using random primers (Invitrogen Inc.), dNTP mix (Thermo Fisher Scientific Inc.), 1st strand buffer (Thermo Fisher Scientific Inc.), Dithiothreitol (USP grade; Thermo Fisher Inc.), RNase out (New England BioLabs Inc.), Superscript™ II Reverse Transcriptase (Invitrogen Inc.). Quantitative PCR was done using Light Cycler 480® SYBR Green I Master Mix (Roche AG) on a LightCycler® 480 Instrument II (Roche) using the following primers (Bio-Rad Laboratories Inc.): S14 5’-GAG GAG TCT GGA GAC GAC GA-3’ (sense) and 5’-TGG CAG ACA CCA CCA ACA TT-3’ (antisense), Il17a 5’-CAG ACT ACC TCA ACC GTT CCA C-3’ (sense) and 5’-TCC AGC TTT CCC TCC GCA TTG A-3’ (antisense), Il17f 5’-TGC CAG GAG GTA GTA TGA AGC TT-3’ (sense) and 5’-ATG CAG CCC AAG TTC CTA CAC T-3’ (antisense), Il22 5’-ACG CAA GCA TTT CTC AGA GA-3’ (sense) and 5’-AAC ATG AGT CCA GGG AGA GC-3’ (antisense), Mpo 5’-TCC CAC TCA GCA AGG TCT T-3’ (sense) and 5’-TAA GAG CAG GCA AAT CCA G-3’ (antisense), Muc5b 5’-TGT ACT GCC CCC AGG ATG GGC-3’ (sense) and 5’-AGC TCA GCT CTG CCT GAC CCT-3’ (antisense), Muc5ac 5’-CCA TGC AGA GTC CTC AGA ACA A-3’ (sense) and 5’-TTA CTG GAA AGG CCC AAG CA-3’ (antisense), Gob5 5’-ACT AAG GTG GCC TAC CTC CAA-3’ (sense) and 5’-GGA GGT GAC AGT CAA GGT GAG A-3’ (antisense).



Tissue removal and cryosectioning

The small intestines of A/J WT and RORC-GFP mice were removed and 10 cm of intestine were rinsed with PBS. The intestinal lumen was filled with 1 % Paraformaldehyde (PFA; Agar Scientific Ltd.), coiled into a spiral and placed between two sponges in a tissue cassette. Tissue was fixed using Cytofix/Cytoperm™ (Becton Dickinson Inc.) 1:4 diluted with PBS overnight at 4°C. Tissue was washed with PBS for 8 h at 4°C. Embedding was prepared by incubation in 30 % sucrose solution (Carl Roth GmbH) diluted 1:1 with TissueTek® O.C.T Compound™ (Science Services GmbH) overnight at 4°C. Tissue was embedded in TissueTek® O.C.T Compound™ and frozen in liquid nitrogen. 18 µm cryosections were generated and used for IHC staining.

To examine pulmonary histology, lungs were perfused via the right ventricle with 3 mL ice cold Ringer solution (ph7.4; 5.6 mM KCl, 136.4 mM NaCl, 1 mM MgCl2*6 H2O, 2.2 mM CaCl2*2 H2O; all Carl Roth GmbH; 11 mM Glucose, 10 mM HEPES; both Sigma-Aldrich Inc.) containing 5 % heparin (Braun). 3 % LM agarose (Universal Medical Inc.) in Ringer solution at 37°C was injected into the lungs via the trachea. Filled lungs were removed and transferred to ice cold Ringer solution. 300 µm sections were sliced using a vibratome, fixed with 1 % PFA in PBS for 15 min at RT while shaking, washed three times in PBS each for 15 min at RT while shaking, incubated with 20 % sucrose overnight at 4°C and used for IHC staining.



Immunofluorescence staining

Lung or intestinal sections were incubated with IHC blocking buffer (PBS, 0,3 % v/v Triton X-100 (Thermo Fisher Scientific Inc.), 10 % v/v normal mouse serum (Invitrogen Inc.)) for 20 min at RT. Sections were incubated in IHC blocking buffer with purified anti-RORγt (AFKJS-9; Invitrogen Inc.) and where indicated with anti-α-SMA-FITC (1A4; Invitrogen Inc.), anti-TCRβ-AF647/AF488 (H57-597; BioLegend Inc.) or anti-CD11c-AF647 (N418; BioLegend Inc.) diluted in PBS (overnight (intestinal sections) or 60 h (lung sections), 4°C). After three washing steps, sections were incubated with secondary polyclonal anti-rat IgG-DyLight-549/AF647 (Jackson ImmunoResearch Inc.) in PBS supplemented with 5 % normal mouse serum (Invitrogen Inc.) for 60 min at RT. For double-labeling with CD3, an additional blocking step with 10 % normal rat serum (Linaris Biologische Produkte) was performed for 1h at RT, followed by incubation with anti-CD3-AF647 (17A2; BioLegend Inc.) for 2h, at RT. Slices were rinsed three times and cover slipped with Mowiol mounting medium (12 g Mowiol 4-88 (Sigma-Aldrich), 30 mL A. bidest., 60 mL Tris buffer (0.2 M; Invitrogen Inc.), 30 g Glycerin (pH 8.5; Merck)) with or without 1 µg/mL Hoechst dye (Thermo Fisher Scientific Inc.).



Laser scanning confocal microscopy

Stained slices were evaluated with confocal microscopy. Z-stacks (40 μm with a resolution of 1 μm) were recorded to allow a three-dimensional presentation of lung structures including possible cell interactions. Airway and blood vessels were identified by the use of anti-α-SMA-FITC (1A4; Invitrogen) or using autofluorescence (excitation: 488nm; detection: 490-530 nm). Analysis was performed using a laser scanning confocal microscope Zeiss 710 meta (Carl Zeiss AG).



Statistical analysis

Statistical analysis was performed using the GraphPad Prism version 5 (GraphPad Software Inc.). Outliers were excluded after Grubbs test. Data are represented as mean and standard error of the mean (SEM). Statistical differences for the comparison of multiple independent treatment groups were analyzed for normality using D’Agostino and Pearson omnibus normality Test. Gaussian distributed samples were evaluated by one-way ANOVA followed by Tukey Post Test. Non-Gaussian samples were evaluated by Kruskal-Wallis-Test and Dunns’s Post Test. For comparison of multiple dependent measurements two-way ANOVA followed by Bonferroni Post Test was chosen. Statistical difference between two groups was evaluated by Student T Test after passing D’Agostino and Pearson omnibus normality Test or Mann-Whitney-U-Test. p values < 0.05 were considered statistically significant.




Results


Prenatally induced dysbiosis of dams increases recruitment of IL-17A producing cells to the lung in allergen-exposed offspring

To date, human and mouse studies tried to correlate early life dysbiosis with long-term asthma susceptibility and severity. However, it remains unclear when and how dysbiosis most strongly influences asthma outcomes. To determine if prenatal maternal dysbiosis is sufficient to induce changes in allergen-induced cellular recruitment, we treated dams from E15 until birth with a cocktail of three Abx (Ampicillin, Vancomycin and Gentamicin) in sucralose-sweetened drinking water, or sucralose-sweetened drinking water alone (Figure 1A). After birth, mothers were switched to conventional water. This model has been shown to induce profound neonatal dysbiosis and increased susceptibility to neonatal pneumonia (34). At 6-8 weeks of age, animals were exposed to an extract of the aeroallergen HDM. To this end, animals were administered two doses of 100 µg of HDM in saline, or saline alone i.p. one week apart. Starting one week after the final i.p HDM exposure, animals were given two doses of i.t. 100 µg HDM one week apart. 72 hours after the final HDM exposure, recruitment of cytokine-producing cells to the airways was measured. To quantify in situ cytokine production in the lung at the time of sacrifice, we tested the capacity of lung cells to accumulate IL-13 and IL-17A in response to PMA/ionomycin in presence of Brefeldin/monensin by flow cytometry. After dead cell exclusion lymphocytes were identified as CD90.2+ cells (Supplementary Figure 1). As expected, the compartment of IL-13- and IL-17A-expressing cells was slightly increased in lung cells purified from HDM immunized lungs. Although the number of IL-13-expressing cells was not further regulated by prenatal antibiotic exposure (Supplementary Figure 2), the frequency and number of IL-17A-expressing lung cells were significantly increased in the HDM-treated offspring of Abx-treated dams (Figure 1B, Supplementary Figure 3A). Further analyses of the IL-17A+ cell compartment following a gating scheme considering TCRβ and CD3 expression (Supplementary Figure 1) allowed the identification of ILCs (CD3-TCRβ-), αβ T cells (CD3+TCRβ+) and non-conventional T cells (CD3+TCRβ-). IL-17A+ cells were predominantly (>50 %) αβ T cells (Figure 1C). ILCs and non-conventional T cells accounted each for approximately 20 % of IL-17A+ lung cells. Prenatal treatment with Abx did not affect the frequency of IL-17A+CD4+ T cells, or ILCs following HDM-exposure, whereas the frequency of non-conventional T cells was significantly increased in offspring of HDM-exposed, Abx-treated dams. In terms of absolute cell numbers all three subpopulations were significantly increased due to the increase of total IL-17A+ cells (Supplementary Figure 3B).




Figure 1 | Prenatal antibiotic exposure increases the frequency of IL-17A+ pulmonary cells without affecting gene expression. (A) C57BL/6 mice were treated with vancomycin, ampicillin and gentamycin (all at 1.0 mg/mL)(Abx) from prenatal day 15 until birth. Mice treated with sucralose served as controls (ctrl.). At 6-8 weeks, offspring C57BL/6 mice were immunized i.p. with 10 µg/100 µL of HDM. Seven days later mice received an additional i.p. injection of HDM. After 14 and 21 days mice were treated with 100 µg/40 µL HDM i.t. Mice treated with PBS served as non-asthmatic controls (B, D). 72 h after the last treatment the asthma phenotype was assessed. (B) Single lung cell suspensions were restimulated with PMA (50 ng/mL) and ionomycin (0.5 mg/mL). After intracellular staining of IL-17A, CD90.2+ lymphocytes were analyzed regarding IL-17A production by flow cytometry. (C) To further differentiate IL-17A+ populations, CD3 and TCRβ expression was analyzed to identify CD3+TCRβ+ αβ T cells, CD3+TCRβ- non-conventional T cells and CD3-TCRβ- ILCs. (D) Further, 72 h after the last in vivo treatment RNA expression of Th17-related cytokines normalized to the expression of the housekeeping gene S14 by pulmonary cells was assessed. Scatter plot with mean ± SEM; n = 5-25 mice. Each dot represents one mouse. Differences between groups were tested by one-way ANOVA (after passing D’Agostino and Pearson omnibus normality Test) and Tukey Post Test) (B), Student T Test (after passing D’Agostino and Pearson omnibus normality Test) (C) or Kruskal-Wallis-Test and Dunns’s Post Test for significance (D); * p < 0.05, ** p < 0.01.



Given the increase in IL-17A+ cells, the expression of Th17-related cytokines Il17a, I17f and Il22 was analyzed in whole lung homogenates (Figure 1D). A trend towards increased gene expression of Il17a, I17f and Il22 was observed upon HDM immunization compared to PBS-treated control mice. Further, although prenatal Abx treatment tended to increase the expression of Il17a and Il17f in asthmatic mice, expression of IL22 was not regulated by prenatal Abx treatment. Since IL-17 is known to regulate the migration of neutrophils and activate airway mucus production we analyzed the expression of neutrophil-associated genes (Mpo) and mucus-associated genes (Muc5b, Muc5ac and Gob5). No significant Abx-mediated regulation of these genes was observed in HDM-exposed mice (Supplementary Figures 4A, B). In summary prenatal Abx treatment increased the number of non-conventional T cells capable of producing IL-17A+ cells in the lung, but did not directly induce pulmonary neutrophilia, or augment mucus production.



Prenatally induced maternal dysbiosis does not alter allergen-induced asthma development in offspring

Given observed changes in allergen-induced recruitment of IL-17A+ cells in dysbiosis exposed offspring, and the described role of IL-17A-producing cells in driving the development of asthma, we next examined the impact of prenatally induced dysbiosis on the asthma phenotype. As expected, HDM exposure induced marked changes in airway function in offspring of sucralose-exposed dams (Figure 2A). Offspring of dams treated with prenatal Abx developed comparable airway responses to HDM-treated offspring of control animals. Accordingly, the total number of inflammatory cells present in the BAL fluid (Figure 2B) was comparable in offspring of HDM-treated control dams, and offspring of Abx-treated dams. Similarly, the composition of the inflammatory infiltrate (monocytes, lymphocytes, eosinophils, neutrophils) was not different in HDM-exposed offspring of control dams, or offspring of Abx-exposed dams (Figure 2C). These data are complemented by the observation that HDM sensitization significantly increased the concentrations of the Th2 cytokines IL-4, -5 and -13 by pulmonary cells restimulated ex vivo with HDM independent of prenatal antibiotic exposure (Figure 2D). IL-17A was not measurably induced under any condition (data not shown). Taken together, although HDM immunization induced an asthmatic phenotype in the offspring, maternal dysbiosis did not alter these effects.




Figure 2 | Prenatal antibiotic exposure of dams does not influence the asthma phenotype of the offspring. C57BL/6 mice were treated with vancomycin, ampicillin and gentamycin (all at 1.0 mg/mL)(Abx) from prenatal day 15 until birth. Mice treated with sucralose served as controls (ctrl.). At 6-8 weeks, offspring C57BL/6 mice were immunized i.p. with 10 µg/100 µL of HDM. Seven days later mice received an additional i.p. injection of HDM. After 14 and 21 days, mice were treated with 100 µg/40 µL HDM i.t. Mice treated with PBS served as non-asthmatic controls. 72 h after the last treatment AHR in response to i.t. administration of methacholine measured as airway resistance using Flexivent (A), cellular infiltration of the airways (B, C) and cytokine production of single lung cell suspensions after 72 h ex vivo cell culture (D) were assessed. Scatter plot with mean ± SEM, n = 6-18 mice. Each dot represents one mouse. Dotted lines (D) indicate the detection limit. Differences between groups were tested by two-way ANOVA and Bonferroni Post Test (A) or Kruskal-Wallis-Test and Dunns’s Post Test (B–D) for significance; * p < 0.05, ** p < 0.01, *** p < 0.001.





Pulmonary cells expressing the IL-17A transcription factor RORγt can be identified in situ

Based on the observation of Gray et al. (34) that dysbiosis interrupts migration of ILC3s to the lung by modulating the expression of CCR4, we aimed to investigate via IHC whether dysbiosis also influences the localization of IL-17A+ cells in situ or affects interactions with other immune cells. Since detection of cytokine signals is difficult by IHC (Brefeldin A-mediated inhibition of secretion is not possible in IHC), the key transcription factor of IL-17A+ cells RORγt was chosen as a marker for IL-17A expression. Using intestinal slides from A/J RORC-GFP reporter mice we tested the RORγt antibody for specificity and applicability in IHC (Supplementary Figure 5). Co-staining with anti-RORγt antibodies and Hoechst stain expectedly revealed a nuclear localization of the anti-RORγt (data not shown). In order to further prove specificity of the anti-RORγt antibody and to test suitability for lung staining, co-expression with CD3 in the lung was analyzed (Figures 3A, C). About 90 % of RORγt+ cells co-expressed the T cell marker CD3. Further, as a proof of concept less than 10 % of RORγt cells expressed the key Th2 transcription factor GATA3 (Figure 3B, D). In summary, staining with anti-RORγt allows identification of RORγt+ cells in the lung in situ without substantial overlap with the Th2 cell compartment.




Figure 3 | RORγt is suitable as a marker for pulmonary IL-17A+ cells in situ. At 6-8 weeks C57BL/6 mice were immunized i.p. with 10 µg/100 µL of HDM. Seven days later mice received an additional i.p. injection of HDM. After 14 and 21 days mice were treated with 100 µg/40 µL HDM i.t. 72 h after the last treatment 300 µm lung sections of agarose filled lungs were prepared and stained with anti-RORγt (red) and anti-CD3 (green) (A) or anti-RORγt (red) and anti-GATA3 (turquoise) (B). (C) RORγt+ cells were analyzed regarding CD3 expression. (D) Total cells were analyzed regarding RORγt and GATA3 expression. Stained slices were evaluated with confocal microscopy. Abbreviations: AW, airway. Data are representative of two independent experiments. Scatter plot with mean ± SEM; n = 7 mice. Each dot represents the Z-stack of one mouse.





Prenatally induced dysbiosis of dams does not influence localization of offspring pulmonary RORγt+ cells

To determine whether prenatal Abx-induced dysbiosis affects later life distribution of pulmonary IL-17A-producing cells, we used the previously established method of α-SMA staining (35) and autofluorescence in combination with the stain of RORγt. This allowed discrimination between large airways, small airways/blood vessels and the pleura/alveolar region as confirmed by TCR-β staining (Supplementary Figure 6). A major proportion (>70 %) of pulmonary RORγt+ cells were localized around larger airways in HDM-exposed animals (Figures 4A, D). In contrast, ~29 % and <1 % were found around small airways/blood vessels and at the pleura/alveolar region, respectively (Figures 4B–D). Importantly, prenatally induced dysbiosis did not affect the pulmonary distribution of RORγt+ cells after HDM exposure (Figure 4D).




Figure 4 | Prenatal antibiotic exposure of dams does not influence localization of offspring pulmonary RORγt+ cells in situ. C57BL/6 mice were treated with vancomycin, ampicillin and gentamycin (all at 1.0 mg/mL)(Abx) from prenatal day 15 until birth. Mice treated with sucralose served as controls (ctrl.). At 6-8 weeks, offspring C57BL/6 mice were immunized i.p. with 10 µg/100 µL of HDM. Seven days later mice received an additional i.p. injection of HDM. After 14 and 21 days mice were treated with 100 µg/40 µL HDM i.t. 72 h after the last treatment 300 µm lung sections of agarose filled lungs were prepared. (A, B) For visualization of airways and blood vessels anti-aSMA (green) was added. (C) Alveoli were identified by autofluorescence. (D) Stained slices were evaluated with laser scanning confocal microscopy generating Z-Stacks for localization of RORγt+ cells (red). Abbreviations: AW, airway; BV, blood vessel. Data are representative of at least four independent experiments. Scatter plot with mean ± SEM. n = 4-5 mice. Each dot represents the Z-stack of one mouse.



As we observed an increased frequency of IL-17A-producing pulmonary non-conventional T cells in vivo in HDM-exposed offspring of Abx-exposed mothers, we next determined whether IL-17A+ non-conventional T cells were increased in specific subregions within the lung. To this end, we combined the methods to determine pulmonary subregions based on autofluorescence (36), with in situ IHC staining of CD3 and TCRβ. Using this approach, we were able to discriminate αβ T cells (CD3+TCRβ+) (Figure 5A) and non-conventional T cells (CD3+TCRβ-) (Figure 5B) and ILCs (CD3-TCRβ-) (Figure 5C) expressing RORγt in lung sections and to assign them specifically to pulmonary subregions comprising large airways and small airways/blood vessels. Consistent with our flow based studies, the majority of RORγt+ cells in HDM-exposed animals were αβ T cells (61 %) (Figures 5D, E) whereas non-conventional T cells and ILCs represented only minor RORγt+ cell fractions with a frequency of 31 % and 7 %, respectively. This distribution was not affected by prenatally induced dysbiosis. Further, a similar distribution of RORγt+ cells was seen around larger airways (Figure 5F) as well as smaller airways/blood vessels (Figure 5G), and prenatal Abx treatment had no impact on the subpopulation assignment. Altogether, these experiments revealed no impact of prenatal Abx treatment on the distribution of subpopulations of pulmonary RORγt+ cells in situ.




Figure 5 | Prenatal antibiotic exposure of dams does not influence localization of offspring pulmonary RORγt+ subpopulations in situ. C57BL/6 mice were treated with vancomycin, ampicillin and gentamycin (all at 1.0 mg/mL)(Abx) from prenatal day 15 until birth. Mice treated with sucralose served as controls (ctrl.). At 6-8 weeks, offspring C57BL/6 mice were immunized i.p. with 10 µg/100 µL of HDM. Seven days later mice received an additional i.p. injection of HDM. After 14 and 21 days mice were treated with 100 µg/40 µL HDM i.t. 72 h after the last treatment 300 µm lung sections of agarose filled lungs were prepared. Staining with anti-RORγt (red), anti-CD3 (turquoise) and anti-TCRβ (green) allowed discrimination of CD3+TCRβ+ αβ T cells (A), CD3+TCRβ- non-conventional T cells (B) and CD3-TCRβ- ILC3s (C). Stained slices were evaluated with laser scanning confocal microscopy generating Z-Stacks. (D) A representative overview of a large airway is shown. Frequencies of αβ T cells, non-conventional T cells (nc T) and ILC3s among RORγt+ cells were determined in total lungs (E) around large (F) and small airways/blood vessels (G). Abbreviations: AW, airway. Data are representative of at least four independent experiments. Scatter plot with mean ± SEM. n = 4-5 mice. Each dot represents the Z-stack of one mouse.





Prenatally induced dysbiosis of dams does not influence the frequency of contacts between RORγt+ cells and CD11c+ cells

As T cell activation requires prior interaction with proinflammatory dendritic cells (DC), we analyzed the in situ interaction between RORγt-expressing cells and CD11c+ DCs as was previously also shown for lung ILC3s (34). 3D-analyses of Z-stacks including analyses of each 1 µm thick slice of the Z-stack revealed that the majority of 71 % of RORγt+ cells were in close contact (<15 nm) with CD11c+ DCs (Figures 6A–C). Perinatal Abx treatment did not affect the frequency of RORγt+ cells interacting with CD11c+ cells (Figure 6C). Collectively these data suggest that while prenatal allergen exposure may influence initial seeding of the lung with non-conventional T cells after HDM exposure, it has little impact on asthma severity later in life. This study thus excludes the prenatal time window as a particularly critical window for maternal antibiotic exposure in mice.




Figure 6 | Prenatal antibiotic exposure of dams does not influence the frequency of contacts between RORγt+ cells and CD11c+ cells in situ. C57BL/6 mice were treated with vancomycin, ampicillin and gentamycin (all at 1.0 mg/mL)(Abx) from prenatal day 15 until birth. Mice treated with sucralose served as controls (ctrl.). At 6-8 weeks, offspring C57BL/6 mice were immunized i.p. with 10 µg/100 µL of HDM. Seven days later mice received an additional i.p. injection of HDM. After 14 and 21 days mice were treated with 100 µg/40 µL HDM i.t. 72 h after the last treatment 300 µm lung sections of agarose filled lungs were prepared. Staining with anti-RORγt (red) and anti-CD11c (turquoise) allowed evaluation of interactions between RORγt+ cells and CD11c+ DCs. Stained slices were evaluated with laser scanning confocal microscopy generating Z-Stacks. (A) A representative overview of a large airway is shown. Enlarged 3D views (B) of framed areas allowed 3D analysis of contact rates of RORγt+ cells with CD11c+ DCs (C). Abbreviations: AW, airway. Data are representative of at least four independent experiments. Scatter plot with mean ± SEM. n = 4 mice. Each dot represents the Z-stack of one mouse.






Discussion

Events that occur in fetal and early postnatal life influence the development of tolerance and long lasting risk of inflammatory diseases like asthma (34, 37, 38). However, the relative importance of pre- and postnatal time points critical for development of tolerance remain unclear. Herein, we address whether dysbiosis induced by prenatal Abx-treatment of dams evokes long lasting effects on asthma severity in offspring. Therefore, we exposed dams to a combination of ampicillin, gentamycin and vancomycin, which are commonly used to treat pregnant woman and newborn infants (39). A previous publication using this treatment already described the dysbiosis 4 days after birth by a 10-fold decrease of 16s rDNA copies/mg intestinal content and a change in microbial composition. Strongest effects were seen for Lactobacillales and Enterobacteriales being reduced in numbers upon Abx treatment and Actinomycetales and Bacteroida which were increased in numbers. Dysbiotic colonization showed a trend towards eubiosis already at the end of the window of investigation after 14 days (34). Using an equal treatment approach in the same animal facility, we demonstrate that prenatally induced dysbiosis was associated with increased numbers of non-conventional T cells with a potential for IL-17A-production following allergen sensitization and challenge. Knowing that γδ T cells, that belong together with invariant NKT cells and mucosal-associated invariant T cells to the IL-17A-producing non-conventional T cell compartment, and ILC3s develop between day 10 and 14 of pregnancy, whereas αβ T cells develop only after birth, the increase of non-conventional T cells within the IL-17A+ population appears consistent in a model of prenatally induced dysbiosis (40, 41). However, this modest observed increase in frequency of IL-17A+ non-conventional T cells does not alter asthma severity, as characterized by airway resistance, pro-asthmatic Th2/Th17 cytokine production, pulmonary localization and cell-cell contacts. Thus, our findings indicate that prenatal, maternal dysbiosis-related immune-modulation does not impact overall magnitude of asthma responses. However, given that in our model of experimental allergen-induced asthma, significant airway dysfunction is observed in all allergen-exposed animals (i.e. penetrance of asthma-like disease is 100 %), we cannot fully exclude the possibility that prenatal (maternal) dysbiosis might alter risk of asthma development in a less penetrant model of asthma-like disease.

The newborn lung harbors a Th2-biased immunological environment dominated by Th2 cells, ILC2s, eosinophils and basophils accumulating in the lung in an IL-33-dependent manner (42, 43). After birth, in mice within the first four weeks of life, this balance between Th cells shifts from the Th2 dominant first wave towards a Th1 phenotype and upregulation of regulatory T cells (Treg) (44, 45). In the context of allergic asthma, the Th1 shift appears relevant as asthma is a Th2-driven maladaptive immune response towards harmless aeroallergens. It is posited that intestinal commensals essentially drive the physiological Th2/Th1 conversion of the immune system (44). Thus, changes in the microbiome have the potential to modulate asthma severity by consolidating or alleviating the pro-asthmatic Th2 response or to alter asthma development/risk by altering the development of tolerogenic processes that naturally occur in the lung. Indeed, previous reports have demonstrated that Abx treatment worsens asthma severity in later life (37, 38). Mice treated with Abx peri- and postnatally (start of gestation till the end of the experiment) or solely postnatally (3-6 weeks) developed more severe asthma in OVA- or HDM-induced asthma models (37, 38). This observation correlated with reduced microbial diversity including loss of pro-regulatory organisms. The underlying mechanism relied on reduced Treg numbers in response to reduced Clostridium species (38, 45). Surprisingly then, administration of Abx did not affect asthma severity in our model. However, our study profoundly differs from these studies by solely investigating prenatal Abx treatment. Although we include in our considerations that the impact of antibiotic exposures persists into the early postnatal period (as reported previous (34)) when the lung and immune system continue to develop, our study focuses on earlier developmental windows than previous studies. To date, one additional study investigated prenatal Abx administration and the impact on asthma severity. Vancomycin was administered at different doses to dams. This treatment changed the gut microbiome in both mothers and pups and increased later life asthma severity in pups (46). Accordingly, we used vancomycin complemented with gentamycin and ampicillin to induce dysbiosis. Major experimental differences existed in the model allergen used for asthma induction. While Alhasan et al. (46) used ovalbumin without further adjuvant for asthma induction, our study used HDM as an allergen that better relates to human asthma. Comparing cellular influx into the lung, as indicated by BAL cells, HDM induces a much stronger allergic response than the OVA/adjuvant-free model. Likely, the strong asthma induction by HDM overwhelms the regulatory effects of Abx dosage. In combination with the naturally given differences between cohort microbiomes in different animal facilities, this may explain the different experimental outcomes.

Although we found increased numbers of IL-17A+ cells, particularly non-conventional T cells, in HDM-exposed offspring of Abx-treated dams, we were not able to detect any differences in cytokine production - either at baseline or following HDM restimulation - in lung cells isolated from offspring of sucralose or Abx-exposed dams by ELISA. A possible explanation relies on methodological differences. The frequency of IL-17A+ non-conventional T cells was assessed after ex vivo PMA/ionomycin stimulation while Th17-associated protein production was assessed after 72 hours of in vitro HDM restimulation. In detail, the former method aims at mostly stimulating allergen-specific αβ T cells (31, 32). As we do not actually see changes in the frequency of IL-17A+ conventional CD4+ T cells, this discrepancy may represent a technical limitation of ex vivo allergen restimulation as it is unclear to what extent pulmonary non-conventional T cells are activated by HDM in ex vivo cell cultures. In contrast, as flow-based methods for identification of IL-17+ producing cells utilize polyclonal stimulation (PMA/Ionomycin) it is also conceivable that the observed increase in IL-17A-producing non-conventional T cells represents expansion of non-HDM-specific non-conventional T cells that are exclusively captured using polyclonal stimulation techniques.

The mechanisms that might regulate altered non-conventional T cell recruitment to the lungs remain unclear, however, it is to be expected that dysbiosis induces changes in the maternal microbiome. Altered microbes or microbial metabolites might be retained by maternal IgG, and subsequently co-migrate to the uterus. After passage to the fetal intestine, they might lead to altered frequencies of non-conventional T cells. Such transplacental regulation was already demonstrated for ILC3s (47) where bacterial metabolites transferred from mother to offspring were able to regulate expression of antimicrobial peptides and influence microbial colonization in the fetal gut. While much of this work focused on changes in gut of offspring, recruitment of ILC3s to the neonatal lung were shown to be regulated by gut microbes. Further, these ILC3s had major implications for susceptibility to neonatal pneumonia (34). Specifically, CD103+CD11b+ DCs that capture antigen from gut commensal bacteria induced CCR4 expression on gut ILC3s licensing them for migration to the lung as well. This effect was diminished in Abx-treated mice leading to more severe pneumonia (34). Even γδ T cells that are part of the non-conventional T cells subpopulation were already shown to be regulated by antibiotic exposure, albeit the underlying experiment relied on postnatal antibiotic exposure and investigated long lasting effects on psoriasis (48). Altogether, these studies are consistent with our observation that early life shifts in microbiota induced by antibiotic exposure can cause dysregulated accumulation of IL-17 producing cells that may contribute to altered development of inflammatory diseases later in life.

Considering the reported changes in lung homing of ILC3s in response to prenatally induced dysbiosis and our observations that prenatally induced dysbiosis upregulated non-conventional T cells, we aimed at investigating effects on cellular distribution and interaction in the adult lung in situ (34, 49). This is of particular interest as T cell activation occurs via two pathways. It either involves MHC-mediated antigen-specific contacts with innate immune cells such as DCs accompanied by IL-6 secretion comparable to the pneumonia model and/or antigen-unspecific cell contact-independent cytokine secretion of IL-23 (50–52). Observing cellular contacts in situ allows for discrimination between these pathways. To assess cellular distribution we established an IHC staining approach enabling identification of potentially IL-17-producing cells in lung slices using the transcription factor RORγt (53). Staining with GATA3 to exclude Th2 cells as well as Hoechst staining to prove nuclear localization of the transcription factor RORγt validated this staining approach. In situ IHC analyses did not reproduce the observed increase of IL-17A+ cells in HDM-exposed offspring of antibiotic treated mothers as observed by FACS. Possibly, PMA/ionomycin stimulation, as used in the FACS approach, serves as a strong stimulant of IL-17A expression that may overcome a more homeostatic RORγt expression probed by IHC. Moreover, Yang et al. suggest that RORα+RORγt-/- cells may have some residual IL-17A-producing capacity (54), suggesting that RORγt-expression may not serve as a perfect surrogate for IL-17A expression. We were unable to examine the distribution of RORα-expressing cells in our models. Nonetheless, we observed localization of RORγt+ cells in HDM-exposed offspring mostly close to large and only to a lower extent around small airways/blood vessels via IHC. In general, this localization is in accordance with the described localization of pulmonary immune cell populations (55). Further, it seems plausible that IL-17A+ cells accumulate around larger airways as they contribute to regulation of mucus production which was shown to occur mainly at this localization. Looking at the specific distribution of RORγt subpopulations (αβ T cells, non-conventional T cells and ILCs) within the HDM-exposed lung, revealed that dysbiosis did not affect cellular localization. Since the effects of IL-17A could also depend on activation instead of localization of RORγt+ cells, we determined the contact with CD11c+ DCs. RORγt+ cells were, independent of prior dysbiosis, mostly localized in close proximity with CD11c+ cells. Since activation of RORγt+ cells not only depends on cell-cell contact but also on IL-23 stimulation future studies will have to address this question in the context of prenatally induced dysbiosis.

In summary, our study revealed that solely prenatally induced dysbiosis exerts only minor effects on asthma severity later in life. To date, we cannot estimate whether this is a general observation or whether it rather is related to the individual microbiome of the experimental cohort or translationally the individual asthma patient. Thereby it emphasizes the need of individual considerations (e.g. dietary habit, microbial colonization, medication) in the context of microbiome regulated diseases. Further, it may help to direct future research on dysbiosis and its effects on allergic asthma to the postnatal time window. It also underlines the findings of existing studies that found major contribution of perinatal and postnatal factors such as mode of birth, lactation and postnatal contacts with microbiota in establishing a healthy commensal repertoire and subsequently contributing to appropriate barrier formation and alveolarization in the lung. By showing that prenatally induced dysbiosis affects IL-17+ cells in the offspring, we qualify IL-17-mediated inflammatory processes as the most sensitive and at first regulated processes in response to early dysbiosis.
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Cellular energy metabolism plays a crucial role in the regulation of macrophage polarization and in the execution of immune functions. A recent study showed that Slc6a8-mediated creatine uptake from exogenous supplementation modulates macrophage polarization, yet little is known about the role of the de novo creatine de novobiosynthesis pathway in macrophage polarization. Here, we observed that glycine amidinotransferase (GATM), the rate-limiting enzyme for creatine synthesis, was upregulated in alternative (M2) polarized macrophages, and was dependent on the transcriptional factor STAT6, whereas GATM expression was suppressed in the classical polarized (M1) macrophage. Next, we revealed that exogenous creatine supplementation enhanced IL-4-induced M2 polarization, confirming recent work. Furthermore, we revealed that genetic ablation of GATM did not affect expression of M1 marker genes (Nos2, IL1b, IL12b) or the production of nitric oxide in both peritoneal macrophages (PMs) and bone marrow-derived macrophages (BMDMs). By contrast, expression levels of M2 markers (Arg1, Mrc1, Ccl17 and Retnla) were lower following GATM deletion. Moreover, we found that deletion of GATM in resident alveolar macrophages (AMs) significantly blocked M2 polarization but with no obvious effect on the number of cells in knockout mice. Lastly, an upregulation of GATM was found in lung tissue and bronchoalveolar lavage fluid macrophages from HDM-induced asthmatic mice. Our study uncovers a previously uncharacterized role for the de novo creatine biosynthesis enzyme GATM in M2 macrophage polarization, which may be involved in the pathogenesis of related inflammatory diseases such as an T helper 2 (Th2)-associated allergic asthma.




Keywords: macrophage, polarization, creatine, glycine amidinotransferase (GATM), asthma



Introduction

Macrophages, which are professional phagocytes, are particularly plastic and dynamic during a variety of inflammatory responses (1). To adapt to complex environmental changes, macrophages can acquire distinct functionally polarized phenotypes regardless of the tissue of origin (2). Of note, upon stimulation by lipopolysaccharide (LPS) and/or interferon-γ (IFN-γ), macrophages polarize to the classically activated phenotypes (M1), which have anti-microbial properties via the production of effectors such as nitric oxide and defensins, and amplify pro-inflammatory responses via by releasing cytokines and chemokines such as tumor necrosis factor-a (TNF-α), IL-1b, IL-12, IL-6, CXCL1, CXCL2, CXCL9, CCL2, and CCL3 (3, 4). It is well documented that the essential transcription factors involved in regulating the expression of M1-related genes are nuclear factor kappa beta (NF-κB), signal transducer and activator of transcription 1/2 (STAT1/2), and interferon regulatory factor-1/3/5/7(IRF1/3/5/7) (5–9). In contrast, T helper 2 (Th2)-cell-associated cytokines such as interleukin-4/13 (IL-4/13) promote the alternative polarized macrophage phenotype (M2) (4), which is characterized by induction of the anti-inflammatory cytokine IL-10, transforming growth factor β (TGF-β), vascular endothelial growth factor (VEGF), arginase 1 (Arg1), resistin-like-α (Retnla) and macrophage mannose receptor1 (Mrc1). This allows M2 macrophages to execute functions that encourage tissue repair and resolve inflammation in addition to participating in Th2-associated chronic inflammatory disease progression (10, 11). M2 polarization is controlled by different transcription factors such as Krüppel-like factor 4 (KLF4), IRF4, STAT6, peroxisome proliferator-activated receptor γ (PPARγ), and C/EBPβ (12–14). Therefore, clarifying the regulatory molecular mechanism of macrophage polarization will be helpful for interpreting the pathogenesis of inflammatory diseases and finding potential drug intervention targets.

An accumulative body of evidence indicates that macrophage polarization is firmly coupled together with altered cellular energy metabolism (15, 16). Metabolic transitioning between glycolysis and oxidative phosphorylation (OXPHOS) is associated with M1 and M2 polarization processes, respectively (17). For example, during M1-polarization-related glycolysis under anaerobic conditions, glucose converts into pyruvate, and further converts to lactate, which is controlled by various glycolytic enzymes including hexokinase (HK), phosphoglucose isomerase (PGI), phosphofructokinase (PFK), aldolase, and pyruvate kinase. Notably, pharmacological inhibition of glycolysis with 2-deoxy-D-glucose (2-DG) blocks pro-inflammatory genes expression during M1 polarization (18). In contrast, M2 polarization is dependent on oxidative phosphorylation (OXPHOS), which is tightly coupled to the TCA cycle driven by acetyl coenzyme A (acetyl-CoA), pyruvate, fatty acids and α-ketoglutarate (αKG) reactions (19). Pu-Ste Liu et al. reported that the production of α-ketoglutarate (αKG) via glutaminolysis is important for alternative (M2) macrophage activation (20). Therefore, modulation of metabolic pathways are vital for macrophage polarization.

The arginine-creatine metabolic axis is thought to play a crucial role in macrophage polarization. Creatine is synthesized from glycine for the backbone, arginine for the amidine group, and S-adenosyl methionine (SAM) which supplies the methyl group. Its synthesis is catalyzed by amidinotransferase and methyltransferase. Creatine kinase catalyzes the transfer of sodium from ATP into the creatine molecule to form phosphocreatine reserves (21). Notably, L-arginine has various metabolic pathways available. For example, L-arginine is converted to NO by inducible nitric oxide synthase (iNOS) and is also utilized by arginase 1, two enzymes which are hallmarks of M1 and M2 polarized macrophages, respectively, and it is also converted to creatine by two enzymes, glycine amidinotransferase (GATM) and guanidinoacetate methyltransferase (GAMT) (22). Creatine, a widely used dietary supplement, was first described in 1835 by the French chemist Eugene Chevreau (23). Most endogenous creatine is produced naturally in the liver and kidneys. Creatine can be phosphorylated to creatine phosphate by creatine kinase, which serves as a phosphate donor in the conversion of ADP to ATP, and thus supplies energy necessary for cellular needs in an acute manner such as during muscle contraction (24). It has been reported that creatine impacts inflammatory responses. For example, Madan and Khanna observed in the late 1970s that creatine can ameliorate carrageenan-induced inflammation of the foot pads in rats (25). Deminice et al. demonstrated that TNF-α and CRP levels were lower in individuals supplemented with creatine following acute exercise (26). Creatine can also be obtained from the food and taken up by Slc6a8-expressing cells. Recently, Ji et al. reported that macrophages express relatively high levels of Slca68, and specific deletion of Slc6a8 in macrophages significantly reduce the amount of macrophage creatine and increases the expression of the M1 markers iNOS and CXCL9, whilst decreasing expression of the M2 marker Arg1 (22). This demonstrates that Slc6a8-mediated exogenous creatine uptake plays an essential role in macrophage polarization. In previous work from our group, we used microarray and RNA-sequencing and surprisingly observed that macrophages expressed both creatine de novo synthesis enzymes, GATM and GAMT, which was dramatically induced polarization in M2 but suppressed it in M1, indicating that the mechanism underlying macrophage polarization is likely via metabolic reprogramming.

For the most part, research on creatine biology has focused on the brain, muscle and the liver (27). The function of creatine in the immune system still largely unknown. In present study, we investigated the role of the rate limiting enzyme GATM in macrophage polarization. We found that GATM is required for polarization of M2 but not M1. The expression of GATM was positively associated with M2 macrophages in the BALF of HDM-induced asthma model mice. The current study implicatesGATM-mediated endogenous creatine synthesis as a key player in macrophage metabolism and opens a new avenue for possible treatment targets in macrophage-related inflammatory diseases such as asthma.



Materials and methods


Animals and establishment of a mouse model with asthma

Balb/c mice (6–8 weeks; GemPharmatech Co., Ltd, China) were sensitized by injections (s.c.) of HDM extract (50 μg in 100 μL sterile saline; Greer Laboratories, lot XPB82D3A25) on days 0, 7, and 14, followed by daily intranasal (i.n.) rechallenges (50 μg in 20 μL sterile saline) on days 21, 22, K23, 24, and 25. Nonsensitized mice received sterile saline only (s.c and i.n). Analysis of lung function parameters and organ collection was performed 24 h after the last challenge. All measures were taken to keep animal suffering to a minimum.

The CRISPR/Cas9 design target was designed on exon3 of the transcript GATM-201, causing frame shift mutations to achieve the purpose of inactivating protein function (Figure S1A). GATM-sgRNA1 targeting CCAAAGATCATCTGAAGAAGG was used for microinjection. We used PCR to identify GATM mouse genotypes (Figure S1B). The GATM knockout F0 generation was obtained by embryo transfer and surrogate conception, and the F1 generation was bred to determine the GATM genotype using T7E1 and sequencing (Figure S1C). The pure heterozygotes were further determined using Sanger sequencing results. Mice were housed in a specific pathogen-free animal facility and maintained in isolated ventilated cages on a 12-h light/dark cycle with ad libitum access to food and water.



Lung histopathology

Tissue was taken from the left lung of each mouse and fixed in 4% paraformaldehyde overnight. The tissues were embedded in paraffin and then cut into 4-μm sections. Lung tissues were stained with H&E, periodic acid-Schiff (PAS), and Masson’s trichrome to observe histological changes including inflammatory-cell infiltration into the peribronchial connective tissues, mucus secretion and fiber formation.



BALF analysis

After blood was taken, the lungs were lavaged in situ twice with 0.8 mL sterile saline (0.9% NaCl, prewarmed), and the recovered fluid was pooled. The total number of cells in BALF were counted, and a cytospin sample was prepared. The number of total blood cells, eosinophilic granulocytes, and lymphocytes in BALF were evaluated using a hemacytometer. The BALF was centrifuged at 3000 × rpm at 4°C for 15 min to collect the supernatant. Levels of IL-4 in cell-free BALF were determined using ELISA kits according to manufacturer instruction (ELM-IL-4-1, Raybio).



Measurement of serum IgE

Mice were sacrificed with an overdose of pentobarbital (100 mg/kg, i.p.) one day after the last airway challenge. Blood samples were taken from the retroorbital plexus/sinus, allowed to rest at room temperature for 1 hour, then centrifuged (3000 × rpm, 20 min), and supernatants were collected for detection of total IgE with an ELISA kit according to manufacturer instructions (ELM-IgE-1, Raybio).



Airway hyperresponsiveness measurement

AHR was measured using an animal pulmonary function instrument (Buxco Electronics, US). In brief, an ascending series of methacholine (6.26-50 mg/mL) was administrated into the trachea through the connected atomizer. The baseline airway resistance was evaluated using atomized PBS. The resistance index (RI) of the total lung and airway was determined as per the protocols of the instrument.



Immunohistochemical staining

For GATM immunohistochemistry, deparaffinized lung sections were subjected to antigen retrieval, and then treated with H2O2 for 15 min to block endogenous peroxidase, and then incubated overnight at 4°C in recommended dilutions of anti-GATM antibodies. After washing with PBS, slices were incubated with a secondary antibody for 20 min at room temperature. Signals were visualized with DAB.



Immunofluorescence staining

The lung tissue was fixed in 4% paraformaldehyde for 1 hour at 4°C, blocked in 20% goat serum for 2 hours at 4°C, and incubated overnight with the antibodies against GATM (GB113430, Servicebio), CD68 (GB113109, Servicebio), and Arginase 1 (GB11285, Servicebio) at 4°C, and then with fluorescein isothiocyanate-labeled secondary antibody (GB22303, Servicebio), at room temperature for 1 hour. We then used a fluorescent triple staining kit (G1236-100T, Servicebio). In addition, DAPI (G1012, Servicebio) was used to stain the nuclei and anti-fluorescence quenching sealer (G1401, Servicebio). The staining was observed under an inverted fluorescence microscope (Servicebio).



Extraction and culture of alveolar macrophages, peritoneal macrophages and bone marrow-derived macrophages

Primary AMs were isolated by repeatedly flushing mouse lungs with 1 ml of PBS eight times at room temperature to obtain BAL. Cells were centrifuged at 1,500 rpm for 5 min, washed twice using DMEM complete medium, and then cells were incubated for 3 hours in 24-well plates at a density of 3 x 105 cells/well to allow cells to adhere. Next, the cells were washed twice with PBS to remove non-adherent cells for subsequent processing. To generating peritoneal macrophages, intraperitoneal injections of 3% thioglycolate broth were administered, and then cells were extracted and harvested for assays. To generate BMDMs, bone marrow cells were cultured in macrophage complete medium containing 20 ng/ml M-CSF (CB34, Novoprotein). After 6 days in culture, non-adherent cells were eliminated and adherent cells were harvested for assays. Next, the AMs, PMs and BMDMs were cultured in 1 μg/ml LPS (Sigma-Aldrich, St. Louis, MO, USA) and 20 ng/ml IFN-γ (C746, Novoprotein) for M1 polarization, or 20 ng/mL interleukin-4 (CK15, Novoprotein) for M2 polarization treatment for up to 24 hours. M1 and M2 macrophages were harvested for quantitative PCR and western blotting analysis.



RNA interference

For RNA interference experiments, primary cells were seeded in a 24-well plate in antibiotic-free growth medium. siRNA transfection was performed using Lipofectamine RNAi MAX reagent (13778150, Invitrogen) and Opti-MEM (Gibco, Germany) according to the manufacturer protocol. The sequences for siGATM (RIB-BIO; China) and siSTAT6 (RIB-BIO; China) were GGTCGAAGAGATGTGCAAT and GCTGATCATTGGCTTTATT, respectively; both used at a 50 nM concentration.



Purification of CD4+ T cells from the mouse spleen

Primary BMDMs were incubated in 12-well plates (2 x 105 cells/well) for 48 h to allow siRNA to interfere with GATM. To purify CD4+ T cells from the mouse spleen, spleens were dissected from healthy, female C57BL/6 mice (6–8 weeks old) under sterile conditions. A 100 μm cell strainer was placed in a sterile 10-cm dish and lymphocytes were isolated using a mouse lymphocyte separator (Dakewe, China) and CD4+ lymphocyte subsets were enriched on T-cell columns (Miltenyi, Germany) by negative selection according to manufacturer instructions and red blood cells lysed with ACK lysis buffer.



Co‐culture of macrophages with CD4+ T cells

Mouse BMDMs and purified CD4+ T cells were seeded into 12‐well plates at a density of 2 × 105 cells/well in lower room and 2×106 cells/well and the upper room. Anti-mouse CD3 0.5 mg/l (eBioscience, America) and anti-mouse CD28 0.5 mg/l (eBioscience, America) antibodies were also added into the co‐culture system to stimulate the proliferation of CD4+T cells. After 72 hours of co‐culture, T cells were collected, and quantitative PCR was used to detect T-bet and IL-10.



RNA isolation and quantitative PCR analysis

RNA isolation from AMs, PMs, BMDMs were performed via using the Total RNA extraction Kit (B511361-0100, BBI, China). Resulting total RNA was transcribed using via a HiScript® III RT SuperMix cDNA Synthesis kit (R223-01, Vazyme, China) according to the manufacturer instructions. Quantitative PCR was performed using via ChamQ Universal SYBR quantitative PCR Master Mix (Q711-02, Vazyme, China) on a CFX Connect™ Real-Time System from BIO-RAD (BIO-RAD). β-actin was used as a reference gene. The sequences of primers used were as follows:

	mouse β-actin-F TCCATCATGAAGTGTGACGT

	mouse β-actin-R GAGCAATGATCTTGATCTTCAT

	mouse Nos2 F CCTGTGAGACCTTTGATG

	mouse Nos2 R CCTATATTGCTGTGGCTC

	mouse TNF-α F CACCACGCTCTTCTGTCT

	mouse TNF-α R GGCTACAGGCTTGTCACTC

	mouse IL1b F CAACCAACAAGTGATATTCTCCATG

	mouse IL1b R GATCCACACTCTCCAGCTGCA

	mouse IL12b F GGAAGCACGGCAGCAGAATA

	mouse IL12b R AACTTGAGGGAGAAGTAGGAATGG

	mouse Arg1 F GGAACCCAGAGAGAGCATGA

	mouse Arg1 R TTTTTCCAGCAGACCAGCTT

	mouse Mrc1 F CATGAGGCTTCTCCTGCTTCT

	mouse Mrc1 R TTGCCGTCTGAACTGAGATGG

	mouse Ccl17 F TTGTGTTCGCCTGTAGTGCATA

	mouse Ccl17 R CAGGAAGTTGGTGAGCTGGTATA

	mouse Retnla F CGAGTAAGCACAGGCAGT

	mouse Retnla R CCAGCTAACTATCCCTCCAC

	mouse GATM-F TGAAGACAAGGCCACCCATC

	mouse GATM-R GCATTTTCAGCTCTGCCCAC

	mouse GAMT-F TTCCCTTGAAAGGCCTGTGG

	mouse GAMT-R ACGTGAGGTTGCAGTAGGTG

	mouse Slc6a8-F AGATCTCCGTTGCTCTGC

	mouse Slc6a8-R TGGAAGACGTACATTCCACCATC

	mouse Scd1-F GCTCTACACCTGCCTCTTCG

	mouse Scd1-R GCCGTGCCTTGTAAGTTCTG

	mouse T-bet-F TGTTCCCAGCCGTTTCTACC

	mouse T-bet-R GCTCGGAACTCCGCTTCATA

	mouse IL-10-F AGGCGCTGTCATCGATTTCT

	mouse IL-10-R ATGGCCTTGTAGACACCTTGG

	mouse IL-4-F ACGAGGTCACAGGAGAAGGGA

	mouse IL-4-R AGCCCTACAGACGAGCTCACTC

	mouse IL-5-F CTGGCCTCA AACTGGTAATGTAG

	mouse IL-5-R ATGAGGGGGAGGGAGTATAACTC

	mouse IL-13-F CCTCTGACCCTTAAGGAGCTTAT

	mouse IL-13-R CGTTGCACAGGGGAGTCT





Western blotting assay

Total protein was extracted using a protein extraction kit (CST, USA). The protein concentration was determined by a BCA Protein Assay kit (Beyotime, China). Cells were lysed for 10 min at 95 °C and 20 μg of protein was loaded onto 10% SDS-PAGE gel, then the separated proteins were transferred to a PVDF membrane (Merck Millipore, Bedford, MA, USA) and incubated overnight at 4 °C with primary rabbit monoclonal antibodies against iNOS (1:1000; 13120, CST, USA), rabbit monoclonal antibodies against Arginase-1 (1:1000; 93668, CST, USA), rabbit polyclonal antibodies against GATM (1:1000, PA5-109756, Invitrogen, USA), rabbit monoclonal antibodies against STAT6 (1:1000; 5397, CST, USA), and β-actin-HRP(1:3000; AB2001, ABWays), followed by anti-rabbit-IgG horseradish peroxidase-conjugated secondary antibodies (CST, USA). Signals were detected by enhanced chemiluminescence (Merck Millipore, Bedford, MA, USA) and exposed using a ChemiDoc™ MP Imager (Bio-Rad, USA). The integral optical density of each sample was measured using Image J.



Quantification of nitric oxide

Nitric oxide was detected using the Griess Reagent System (Promega, USA).



Flow cytometry

Mouse lung tissues were ground into single cell suspensions using a Miltenyi automatic tissue grinder (Miltenyi, Germany). The flow cytometry antibodies used were CD11c (117309, Biolegend, USA) and Siglec F (155509, Biolegend, USA). Cell surface staining was performed at 4°C for 30–40 min in the dark. The purity of sorted populations was >99%, unless otherwise indicated. Data were obtained on a FACSCanto II clinical flow cytometry system (BD Biosciences) and analyzed using FlowJo software (FlowJo LLC, Ashland, Oregon).



Creatine assay

30 mg of lung tissue was lysed using CelLytic™ M (sigma, USA), centrifuged at 12000 rpm for 10 min, and the supernatant was collected for detecting 570 nm absorbance, according to the manufacturer instructions for Creatine colorimetric/fluorometric assay kit (BioVision, USA).



RNA-seq analysis

Total RNA was extracted from AMs and PMs from WT and GATM-/- mice using BBI reagent kits (BBI, China). High quality total RNA was used to construct an RNA-seq library. AMs and PMs were cultured in 12-well plates with 500,000 cells/well. PMs were stimulated with LPS and IFN-γ or IL-4 for 24 h. The integrity and total amount of RNA were assessed using the RNA Nano 6000 Assay Kit from the Bioanalyzer 2100 system (Agilent Technologies, CA, USA). RNA-seq library preparation (AMPure XP system) was performed at Novogene, where sequencing was performed on an Illumina NovaSeq 6000 machine.



Statistics and software

Data were analyzed using GraphPad Software (Prism 8.00, San Diego, CA, USA). Each experiment was performed independently in at least 3 times. Quantitative data are presented as mean ± S.D., according to the number of comparison groups, and Student’s t-tests or one-way ANOVAs were performed as required. P <0.05 was considered statistically significant. *P <0.05; **P <0.01; ***P <0.001; ****P <0.0001.




Results


Creatine promotes IL-4 induced-M2 polarization in vitro

The creatine transporter protein Slc6a8 is known to activate M2 polarization by transporting exogenous creatine (22). However, the role of endogenous creatine synthesis (GATM) on macrophage polarization remains unknown. Here, to establish the macrophage polarization model, AMs, PMs and BMDMs were treated for 24 h either with LPS and IFN-γ to induce M1polarization or with IL-4 to induce M2 polarization. It is well known that DNA microarray technology is an established technique for profiling gene expression at the whole genomic level. To investigate potential polarization-relevant genes, we previously performed an Illumina microarray analysis of M1- and M2-polarized AMs (28). As expected, a great number of genes were found to be altered by polarization conditions; among these genes, we identified that GATM together with the M2 marker genes (Arg1, Mrc1, Ccl17 and Retnla) were clearly upregulated in M2-polarized AMs. In this study, we used RNA-sequence technology, which is well established for profiling gene expression of PMs at the whole transcription level, we found a decrease in GATM expression in M1 polarized macrophages. This indicates that M1 activation is negatively regulated by GATM, and is elevated in M2 polarized macrophages (Figure 1A and Table S1). Of the three genes associated with the synthesis and transport of creatine (GATM, GAMT, Slc6a8), quantitative PCR and western blotting analysis showed that only the expression levels of GATM were increased following M2 polarization, indicating that GATM is involved in M2 polarization (Figures 1B, C). To determine the effect of creatine on M2 polarization, we added creatine to PMs and quantitative PCR analysis showed elevated expression levels of Arg1, Retnla and Ccl17, whereas there was no change in GATM expression (Figure 1D). To further explore the regulatory factors in GATM expression, we used RNAi technology to knockdown STAT6, which a key transcription factor of M2 polarization, and we found that GATM mRNA and protein expression was reduced in IL-4 polarized macrophages (Figures 1E, F). Furthermore, we analyzed lipid-metabolism-related genes through transcriptome data and found that GATM knockout significantly reduced Scd1 expression (Figure 1G and Table S1). GATM knockdown also reduced Scd1 mRNA levels in M2 macrophages (Figure 1H). Taken together, we conclude that GATM acts as an endogenous proponent of M2 polarization and that GATM expression is regulated by STAT6. In addition, GATM knockdown inhibited lipid metabolism in M2 macrophages to some extent.




Figure 1 | Creatine promotes IL-4 induced-M2 polarization in vitro. (A) Heatmap analysis of RNA-seq dataset of PMs showing subsets of genes in M1 and M2 macrophages relative to controls treated with LPS/IFN-γ or IL-4 for 24 hours. (B) Transcription levels of GATM, GAMT and Slc6a8 in BMDMs were detected by quantitative PCR (n=3). (C) Arg1 and GATM expression levels in BMDMs were detected using western blotting (n=3). (D) WT BMDMs were pretreated with creatine overnight and subsequently activated with IL-4 for 24 hours. Expression of Arg1, Retnla and Ccl17 mRNA were determined by quantitative PCR (n=4). (E) siRNA blocks STAT6 expression in IL-4 activated (24 hours) AMs. STAT6, GATM, Arg1 and Mrc1 expression was determined by quantitative PCR and (F), western blotting. (G) Heatmap analysis of RNA-seq dataset of PMs showing subsets of genes in WT and GATM-/- (n=3). (H) Transcription levels of Scd1 in AMs were detected by quantitative PCR (n=3). Data are expressed as mean ± SEM. Statistical significance was determined by one-way ANOVAs with Tukey’s multiple comparisons test; n.s., not significant *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.





GATM promotes M2 polarization in BMDMs, but has only a small effect on M1 polarization

To specifically address the role of GATM in macrophage polarization, we generated mice with GATM ablation and obtained GATM-/- mice via CRISPR/Cas9-mediated gene editing. We found that GATM expressed in M2 polarization (Figure S2) and genetic ablation of GATM did not alter the level of nitric oxide (Figure 2A) and did not change transcript levels of Nos2, IL1b and IL12b (Figure 2B) or protein expression of iNOS (Figure 2D) in BMDMs. However, the expression of Arg1, Mrc1, Ccl17 and Retnla following IL-4-induced M2 polarization was reduced in GATM-/- mice (Figure 2C) and protein expression of GATM and Arg1 (Figure 2E) was also reduced. Therefore, the results indicate that GATM had only a small effect on M1 macrophages, however, it did promote M2 polarization.




Figure 2 | GATM promoted M2 polarization in BMDMs but had only a small effect on M1 polarization. (A, B), GATM-/- BMDMs were activated with LPS and IFN-γ for 24 hours. Level of NO and Nos2, IL1b and IL12b mRNA expression was determined by quantitative PCR (n=3). (C) GATM-/- BMDMs were treated with IL-4 activation for 24 hours. Arg1, Mrc1, Ccl17 and Retnla mRNA expression was determined by quantitative PCR (n=3). (D, E), GATM-/- AMs were treated with LPS and IFN-γ or IL-4 activation for 24 hours. iNOS and Arg1 protein expression was determined by western blotting (n=3). Data are expressed as mean ± SEM. Statistical significance was determined using one-way ANOVAs with Tukey’s multiple comparisons test; n.s., not significant; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.





AMs from GATM-/- mice have altered expression of genes involved in cell-cell adhesion, immune response, cytokines and cytokine-receptor interactions and inhibit M2 polarization

Creatine is a metabolite involved in cellular energy homeostasis, which facilitates the differentiation of muscle cells and neurons (29, 30). To explore the contribution of GATM in the differentiation and maturation of AMs, we used flow cytometry to analyze the well-known AM markers CD11c and Siglec F. We observed a slight decrease in the number of AMs compared to wild type (Figure 3A). Furthermore, we used RNA-seq to compare the difference in transcriptomic analysis between wild type and GATM-/- AMs. In the comparative transcriptomic analysis, a total of 434 DEGs, including 349 up- and 85 down-regulated genes, were identified from comparing data between the WT and GATM-/- groups (Figure 3B and Table S2). We then used the DEGs for the bioinformatics analysis, which included Gene Ontology (GO) enrichment, Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment, and Ingenuity Pathway Analysis (IPA), to delineate the mechanism underlying the effect of GATM on macrophage polarization. In the comparison of WT and GATM-/- groups, the GO enrichment analysis showed that the GATM deletion altered multiple biological processes related to T-cell activation, regulation of cell-cell adhesion and activation of immune response, (Figure 3C; Table S3). The KEGG pathway analysis highlighted cytokine/cytokine-receptor interaction, T-cell differentiation and viral-protein interaction with cytokines and cytokine receptors (Figure 3D; Table S4). We therefore investigated whether macrophage-intrinsic GATM dampens pro-inflammatory T-cell responses using in vitro co-culture of BMDMs with splenocytes. After 3 days of co-culture, GATM knockdown in BMDMs distinctly promoted the expression of T-bet and IL-10 compared to CD4+ T cells (Figure S3). IL-10 production by Treg cells is critical for the control of immune response and increases allergy-induced lung inflammation and hyperreactivity in Il10flox/flox×Foxp3YFP-Cre mice (31). T-Bet expression acquisition by Tregs is necessary for the control of type 1 inflammation in vivo (32). Furthermore, we found that GATM-/- inhibited the expression of Arg1, Mrc1, Ccl17, Retnlain AMs (Figure 3E), and reduced the expression of Arg1 protein after GATM interference with AMs using RNAi technology (Figure 3F). Taken together, our results suggest that GATM promoted M2 polarization and altered clusters of functional genes involved in the immune response.




Figure 3 | Deficiency of GATM inhibits M2 polarization in AMs. (A) AMs maturation was detected by flow cytometry (n=3–5). (B) Volcano plot depicting GATM knockdown upregulation of significantly upregulated genes. Red dots represent significant upregulation of expressed genes and blue dots represent significant downregulation of expressed genes (GATM-/- vs. control) (C) Biological processes and (D) cell-signaling pathways related to AMs. Rich factor represents the number of differential genes/the total number of genes in the enrichment term; the greater the Rich factor, the higher the degree of GO/KEGG enrichment. Dot size represents the number of differential genes and the color of the dots represents the p-value in the enrichment analysis. siRNA blocks GATM expression in IL-4 activated (24 hours) AMs, (E) GATM and Arg1 protein expression was determined using western blotting (n=3). Data are expressed as mean ± SEM. Statistical significance was determined using one-way ANOVAs with Tukey’s multiple comparisons test; n.s., not significant **P<0.01, ***P<0.001, ****P<0.0001. (F) and inhibit M2 polarization.





Pulmonary expression of GATM and creatine is elevated in a HDM-induced asthma model

Asthma is a typical Th2-associated inflammatory disease in which macrophages exhibit M2 polarization (33). To link GATM expression with disease condition, we generated an acute HDM-induced murine model of asthma as a proxy for the acute inflammatory phenotype found in humans (34) (Figure 4A). As expected, airway exposure to HDM induced increased airway hyperresponsiveness to methacholine (Figure 4B), the majority of serum IgE and BAL IL-4 raised (Figure 4C). Examination of lung tissue revealed epithelium injury and smooth muscle thickening of the airway, and peribranchial inflammation with copious amounts of eosinophil and macrophage infiltration in the airway lumen were evident (Figures 4D-F). BAL cells had eosinophils and lymphocytes and other factors consistent with other HDM-induced asthma models (Figure 4G), indicating that the characteristics of chronic airway inflammation and airway remodeling are well demonstrated in this model. In addition, we detected that the transcriptional level of IL-4, IL-5 and IL-13 were significantly expressed in the lung tissue of asthmatic mice (Figure 4H). Studies have reported that creatine aggravates the inflammatory response in asthma (35, 36). Our results showed that the concentration of creatine in the lung tissue of asthmatic mice was higher than in the control group, indicating that creatine may be involved in the development of asthma (Figure 4I). Western blotting and immunohistochemistry of GATM showed that there was relatively high expression in lung tissue, and it appeared that HDM sensitization and challenge altered GATM expression in the lungs (Figure 4J and Figure S4). Consistent with this, immunofluorescence revealed that HDM exposure raised GATM expression across the whole lung (Figure 4K). Therefore, GATM is involved to some extent in the development of asthma.




Figure 4 | Pulmonary expression of GATM and creatine in HDM-induced asthma model. (A) Experimental timeline. (B) AHR as measured by lung resistance (RL; n=7). (C) Serum level of IgE and BALF levels of IL-4 (n=6–8). (D) Representative H&E-stained lung sections showing different groups. Original magnification x 200 (n=6). Scale bar=100 uM. (E) Representative PAS-stained lung sections showing goblet cell metaplasia in different groups. Original magnification x 200 (n=4). Scale bar=100 uM. (F) Representative Masson-stained lung sections showing submucosal collagen deposition in different groups. Original magnification x 200 (n=4). Scale bar=100 uM. (G) Total cells, eosinophils and lymphocytes in BALF (n=6). (H) The expression of IL-4, IL-5, IL-13 in asthma. (I) Creatine concentration in asthma. (J) western blotting detection of GATM protein expression in the lung (n=4). (K) Immunofluorescence detection of GATM protein expression in the lung (n=4). Scale bar=20 uM. Data expressed as mean ± SEM. Statistical significance was determined using t-tests; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.





GATM is involved in the polarization of M2 type macrophages in asthma

To investigate whether the upregulated GATM in asthmatic lung tissue was related to macrophage polarization, we analyzed GATM colocalization with M1 (CD68, iNOS) and M2 (CD68, Arg1) markers in lung tissue using confocal microscopy, and found that GATM was upregulated in M2 macrophages but not M1 polarized macrophages (Figure 5A and S4A). Furthermore, we isolated AMs using BAL and cultured them for 3 hours to adhere to the well walls, then observed them under the microscope and found that that the majority of macrophages in the asthma group exhibited a shuttle-like shape, while the control group alveolar macrophages still retained a round shape (Figure 5B). We detected that mRNA expression of Arg1, Retnla and GATM was upregulated in AMs, but not in GAMT, Slc6a8, Nos2, IL1b, or IL12b (Figures 5C, D and Figure S4B). Moreover, western blotting verified the upregulation of GATM and Arg1 protein levels in these cells (Figure 5E). Overall, our present study suggests that GATM may contribute to the progression of asthma via modulation of M2 macrophage polarization.




Figure 5 | GATM is involved in the polarization of M2 type macrophages in asthma. (A) Immunofluorescence staining of CD68, Arg1 and GATM in lung tissue. Original magnifications x 200 left and x 630 right panel (n=4). Scale bar=20 uM. (B) Morphology of AMs under the microscope. Original magnification x 100 (n=5). Scale bar=200 uM. (C) Transcription levels of Arg1 and Retnla in AMs were detected by quantitative PCR (n=5). (D) Transcription levels of GATM, GAMT and Slc6a8 in AMs were detected by quantitative PCR (n=5). (E) Arg1 and GATM expression levels in AMs were detected by western blotting (n=4). Data are expressed as mean ± SEM. Statistical significance was determined using t-tests; *P<0.05; **P<0.01, ***P<0.001, ****P<0.0001.






Discussion

In this study, we uncovered a novel GATM function in alternative macrophage activation, which is dependent on the STAT6 pathway. RNAi- and CRISPR/Cas9-mediated deletion of GATM resulted in lower expression of M2 marker genes such as Arg1, Mrc1, Ccl17 and Retnla in polarized M2 AMs, PMs and BMDMs, suggesting a vital role of GATM in the regulation of innate immune function. Previous work reported that Slc6a8 regulated creatine uptake and synthesis in PMs, indicating that Slc6a8 mediated macrophage metabolism in the resting state (22). In contrast, we found that Slc6a8 expression was reduced in polarized macrophages. However, GATM expression was increased in polarized M2 macrophages, but not in polarized M1 macrophages, indicating that GATM regulates M2 polarization. In addition, GATM was differently expressed in M1 and M2 polarized macrophages, indicating that it is likely to be regulated by disparate mechanisms. Furthermore, we found that STAT6 regulated GATM expression but we did not find direct evidence in the TFBS database for STAT6 regulation of GATM expression, probably for STAT6 indirectly regulating GATM expression through regulating intermediate molecules. Previous studies have shown that the addition of exogenous creatine promotes the expression of M2 markers (Arg1, Retnla) in PMs (22), and we also confirmed this result in BMDMs, suggesting that creatine promotes M2 polarization in macrophages of different origins using similar regulatory mechanisms. Moreover, we found that GATM-/- mice had inhibited expression of Scd1, suggesting that GATM promoted M2 macrophage polarization by affecting lipid metabolism. Typically, studies on macrophages have used PMs and BMDMs as models. We also utilized BMDMs as a model and showed that GATM does not affect M1 polarization and that endogenous creatine has little effect on M1 polarization. Endogenous creatine promotes cancer metabolism through activation of Smad2/3 (37). Nevertheless, a large number of studies have shown that exogenous creatine inhibits M1 polarization via JAK-STAT signaling (22, 38), but not via NF-κB signaling. It is known that endogenous creatine and exogenous creatine have distinct roles and regulatory mechanisms on M1 polarization in diverse diseases. Previous studies have shown that exogenous creatine promotes M2 polarization via the STAT6 pathway (22), and here we demonstrated that both exogenous and endogenous creatine promote M2 polarization via the STAT6 pathway, which complements the immunological effects of endogenous creatine found in previous research. In addition, we also list other transcription factors that may regulate GATM expression in Table S5. For example, one study found that monounsaturated fatty acids generated by Stearoyl-CoA desatSurase-1 (SCD1), an enzyme responsible for the desaturation of saturated fatty acids, reduced the surface abundance of the cholesterol efflux transporter ABCA1, which in turn promoted lipid accumulation and induced an inflammatory phagocyte phenotype (39). We found that GATM knockdown robustly decreased the mRNA expression of Scd1 but not of Scd2 isoforms in AMs, indicating GATM knockout blocked creatine synthesis and inhibited lipid metabolism, thereby inhibiting M2 polarization. In addition, complementing the immune mechanism of action of endogenous creatin.

Macrophages are the only cells that are present in every organ in the body. They mainly have roles in anti-inflammatory responses and tissue repair (40), which have received much attention. We previously found that GATM was significantly expressed in M2 polarization, but the effect of GATM deletion on macrophage polarization remained uncertain. Therefore, we generated GATM-/- transgenic mice using CRISPR/Cas9 technology and, despite decreasing the number of cells, did not affect the maturation of alveolar macrophages, likely because of the inconsistent number of mice, or because of individual differences. It may be that increasing the samples size would give different results in this instance. Macrophages and T cells activate and suppress each other and together regulate the environmental homeostasis of the organism (41). RNA-seq further analyzed GATM-/- in AMs and found enrichment of T-cell activation and immune-related pathways, demonstrating that GATM-/- may activate T-cell-mediated immune responses. In addition, GATM may be necessary for Tregs control of Th1 inflammation. The effect of GATM-/- on AMs was consistent across PMs and BMDMs (reduced Arg1, Mrc1, Ccl17, Retnla), suggesting that GATM possibly affects M2 polarization through the same mechanism in both AMs and PMs. It has been suggested that Mrc1 (42, 43), Retnla (44–46) and Ccl17 (47–49) mediate allergic sensitization and asthma or COPD. Accordingly, GATM may be a good target for the relief of allergic inflammation.

GATM is the key rate-limiting step that catalyzes endogenous creatine biosynthesis: the transfer of amino groups from arginine to glycine to form ornithine and guanidinoacetic acid directly promotes creatine biosynthesis, which is supplemented by cytoplasmic ATP via phosphocreatine shuttling while consuming mitochondrial ATP (37). In hereditary diseases where creatine synthesis is impaired, creatine has a disease‐modifying capacity, including mental fatigue (50), sleep deprivation (51, 52), environmental hypoxia such as in mountain climbing and advanced age (53–55), but except people with kidney disease (56). Recent studies have found that exogenous creatine aggravates the inflammatory response in asthma (35), but the mechanism had not been elucidated. We found that GATM was significantly expressed in the mouse asthma model, but not GAMT and slc6a8. Therefore, we mainly explored the expression of GATM in macrophages. The expression of IL-4 was still significantly elevated in the HDM-induced asthma model. In vitro, we used IL-4 to stimulate M2 polarization. Based on this, we speculate that GATM expression increases in asthma may also be due to Th2-type immune-factor stimulation. However, due to homozygous infertility restrictions, our research did not adopt an acute HDM-induced GATM-/- murine model of asthma to study the effect of creatine on the inflammatory response of asthma, which is limitation of this study.
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Patients with moderate-to-severe asthma may now be treated using a variety of monoclonal antibodies that target key inflammatory cytokines involved in disease pathogenesis. Existing clinical data on anti-IgE, anti-IL-5 and other immunological pathways indicate these therapies to offer reduced exacerbation rates, improved lung function, greater asthma control and better quality of life. However, as several patients still do not achieve satisfactory clinical response with the antibodies available, many more biologics, aiming different immunological pathways, are under evaluation. This review summarizes recent data on existing and potential monoclonal antibodies in asthma. Recent advances have resulted in the registration of a new antibody targeting TSLP (tezepelumab), with others being under development. Some of the researched monoclonal antibodies (e.g. anti-IL-13 tralokinumab and lebrikizumab or anti-IL-17A secukinumab) have shown optimistic results in preliminary research; however, these have been discontinued in asthma clinical research. In addition, as available monoclonal antibody treatments have shown little benefit among patients with T2-low asthma, research continues in this area, with several antibodies in development. This article summarizes the available pre-clinical and clinical data on new and emerging drugs for treating severe asthma, discusses discontinued treatments and outlines future directions in this area.
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Introduction

Asthma is a chronic, heterogeneous and inflammatory respiratory condition characterized by shortness of breath, cough, wheezing, and chest tightness. It belongs to the group of obstructive diseases characterized by variable airflow limitation (1). Asthma occurs in several phenotypes that vary in their pathogenesis, and the intensity and frequency of symptoms and exacerbations (2). Currently, its prevalence is estimated to reach 1-18% depending on the country studied (1, 3, 4). The disease affects all age groups, with new cases diagnosed predominantly in children aged 0-9 [early-onset asthma, usually atopic (5)] and in adults aged 40-49 [late-onset asthma, often eosinophilic phenotype (6)]. It is important to note that, as is the case for other allergic diseases, its global prevalence is increasing (4, 7, 8), which has been attributed to various factors such as air pollution, antibiotic misuse, viral infections and a high-hygiene lifestyle (9, 10).

The term asthma is currently considered an umbrella term that encompasses several clinical and pathophysiological variants. The main axis of division refers to the type of inflammation, i.e. type 2 inflammation and non-type 2 inflammation. Furthermore, asthma phenotypes are considered as either eosinophilic or non-eosinophilic, with blood eosinophil count considered a major, yet controversial, phenotype-distinguishing biomarker (11). Most patients present a Th2-predominant allergic phenotype asthma, which develops on basis of atopy triggered by inhaled allergens, e.g. house dust mite, grass pollens, trees or pets (6). Apart from the classical, early-onset allergic asthma, late-onset eosinophilic asthma is also under intensive study (12), as are other various asthma phenotypes, including obesity-associated asthma, neutrophilic asthma and very-late onset asthma. Asthma pathogenesis is strongly influenced by a number of mediators of inflammation, such as IgE, IL-3, IL-4, IL-5, IL-9, IL-13, IL-33 and TSLP, with many more being discovered (13).


Current clinical options for the treatment of severe asthma

In clinical practice, three levels of asthma severity are distinguished (mild, moderate and severe), with treatment being based on the five Global Initiative for Asthma (GINA) steps (1). The most severe cases, in which asthma control is not reached despite using high doses of inhaled corticosteroids, may be qualified for GINA step 5 biological treatment with monoclonal antibodies that are targeting key asthma mediators.

According to current epidemiological data, 3.6-10.0% of asthma patients are believed to demonstrate severe disease (14–16), which corresponds to four million patients globally. Although much less prevalent than mild and moderate asthma, severe asthma contributes to about 60% of costs associated with the disease, mainly due to higher costs of drugs and hospital care, as well as various indirect costs (17, 18). Current research efforts in the field are strongly oriented towards learning more of the pathomechanisms of severe asthma and concurrent developing of new biological therapies and identifying groups of patients best responding to a certain therapy (19). The ground-breaking change in asthma was achieved in 2003 with the first biological treatment of severe asthma: the anti-IgE monoclonal antibody omalizumab. This discovery was followed by more biological agents targeting key inflammatory nodes in the chronic inflammation underlying asthma, such as IL-5, IL-5R, IL-13 and IL-4R. Each of these drugs targets a certain immunological pathway that triggers and controls airway inflammation. Currently, omalizumab, mepolizumab, benralizumab, reslizumab, dupilumab and tezepelumab are those approved by the FDA for the treatment of severe asthma (20). With the variety of monoclonal antibodies currently available for treating asthma, clinicians may now personalize therapy according to asthma phenotype

Omalizumab is a humanized IgG1/к monoclonal antibody that binds to the IgE immunoglobulin Fc fragment (21). Thus, it inhibits the main mediator of the type I reaction pathway. By binding free IgE molecules in the circulation, it inhibits the activation of mast cells and basophils. As a result, the number of IgE receptors on the surface of these cells declines over time, which is considered to be a critical component of the drug’s clinical efficacy. Omalizumab also inhibits binding of IgE to the low-affinity IgE receptor (FcϵRI) (22),. Launched in 2003, omalizumab has been used in severe allergic asthma and, since 2014, in chronic urticaria. In 2004, omalizumab was the very first monoclonal antibody to be included in Step 5 of the GINA recommendations as an addition to standard therapy with inter alia high doses of inhaled steroids or β2-agonists. Since then, clinical and observational studies have found its use in improving asthma control, relieving symptoms, reducing exacerbation risk and improving lung function (23–25). The drug is known to be safe for long-term use regarding oncological safety and can be safely used during pregnancy (26–28) and by children (29).

Another biological drug in severe asthma is mepolizumab, which was registered in 2015. This antibody binds IL-5, thus preventing it from binding to the IL-5R α subunit on eosinophils. This IL-5 signal blockade reduces the eosinophil population in patients with eosinophilic asthma, leading to clinical improvement (30). Clinical and observational studies confirm that mepolizumab improves asthma control, reduces the number of exacerbations and steroid doses and improves lung function in severe eosinophilic asthma (31, 32). Importantly, both mepolizumab and omalizumab exhibit a comparable safety profile (33).

Benralizumab – registered in the US in 2017 – is a monoclonal antibody targeting IL-5R α subunit (20). Randomised clinical studies have shown the drug’s efficacy and safety in patients with severe asthma and elevated eosinophils (34, 35). It was shown to be effective in lowering exacerbation rates, symptom burden, and oral glucocorticoid use, together with improvements in lung function (36, 37). This was also confirmed in real-world studies, including 2- and 3-year-long observations (38, 39)

Another anti-IL-5 antibody is reslizumab, which was registered in the US in 2016. (anti-IL-5 antibody, US registration in 2016)

Dupilumab is a monoclonal antibody inhibiting IL-4 and IL-13 signaling. It was registered in the US in 2017) and (20, 40).

The newest drug, tezepelumab, was registered by the FDA in December 2021. It is a human, IgG2 monoclonal antibody blocking thymic stromal lymphoprotein (TSLP). This makes it a first-in-class candidate for a new group of antibodies targeting alarmins – key epithelial inflammatory cytokines involved in asthma pathogenesis (TSLP, IL-25 and IL-33). The drug has been intensively studied in recent years and promising results of phase II and III trials have been recently published (41).

The clinical efficacy of tezepelumab has been demonstrated in the following pivotal clinical studies carried out in the period 2017-2020: PATHWAY (Phase IIb), NAVIGATOR (Phase III), SOURCE (Phase III) and CASCADE3 (Phase II). Their results, published in 2021, confirm that tezepelumab is effective in a very wide population of patients with severe asthma. This has been attributed to its ability to inhibit TSLP - the mediator at the top of the inflammatory cascade.

The results of PATHWAY were published in 2017. This study was the first to examine the efficacy of tezepelumab in patients aged 18-75 with uncontrolled asthma receiving long-acting beta-agonists and medium-to-high doses of inhaled glicocorticosteroids. The drug was administered subcutaneously at three doses, viz. 70mg, 210mg or 280 mg, every four weeks and compared to placebo. The patients were also characterized by blood eosinophil count (<250 or ≥250), FeNO (<24 or ≥24) and Th2 status (low or high). The annualized asthma exacerbation rates at week 52 were 0.27 (70 mg), 0.20 (210mg) and 0.23 (280 mg), compared with 0.72 in the placebo group. In addition, prebronchodilator FEV1 changed by 0.12 liters, 0.13 liters and 0.15 liters at week 52 compared to baseline and was higher than in the placebo group in the three respective study groups (42). Moreover, the drug was reported to be effective in improving patient-reported quality-of-life and symptom severity compared to placebo (43). A post hoc analysis of the study results found that the 210mg dose reduced exacerbation rates by 64-82% across all four seasons, with the greatest reduction in summer and lowest in winter (44).

The NAVIGATOR study of tezepelumab included 1,061 patients with severe asthma. Although the study entry criteria did not include peripheral blood eosinophil counts, approximately 50% of patients were estimated to have ≥300 cells/µL. The annual rate of exacerbations in the entire study population decreased by 56% and hospitalization by 85% during tezepelumab treatment. A 70% reduction of exacerbations was noted in the population with eosinophilia ≥300 cells/µl, and 41% in the group with <300 cells/µl. Patients treated with tezepelumab achieved a 130 ml increase in FEV1 over the study, which was statistically significant. A statistically significant improvement in quality of life was also reported: the tezepelumab group demonstrated a 0.33 point better ACQ-6 score and 0.34 point better AQLQ score. In addition, the patients with eosinophilia above 300 cells/µl also demonstrated greater improvement in FEV1 and ACQ-6 and AQLQ questionnaire scores (45).

Another phase III study on tezepelumab was the SOURCE study, which aimed to assess its effectiveness in reducing the dose of oral steroids in the course of steroid-dependent asthma among 150 patients. Although no statistically significant differences were found between the study drug and placebo among patients in general, tezepelumab treatment enabled a reduction of the oral steroid dose in the population of patients with > 150 cells/µl peripheral eosinophilia (46).

A continuation of the NAVIGATOR and SOURCE studies is the ongoing DESTINATION study, in which patients will continue treatment with tezepelumab for another year or, if they were taking placebo, will be re-randomized in a 1: 1 ratio. The aim of the study is a long-term evaluation of the tolerability, safety and efficacy of tezepelumab in a cumulative two-year follow-up. The results of this study will be known soon: the planned completion date is May 2022 (47).

Tezepelumab has been recently registered by the FDA (December 2021), and European registration by the EMA was authorized in September 2022. Information on the monoclonal antibodies currently registered in severe asthma treatment may be found in Table 1.


Table 1 | Current clinical options with monoclonal antibodies in severe asthma.





Dead ends in severe asthma research - promising, yet unsuccessful drugs in recent years

Despite the development of groundbreaking new therapies for severe asthma over the last two decades, certain groups of patients still do not respond to available therapies and hence, there still remains a substantial need for further therapeutic options. This is particularly the case among those who cannot be clearly categorized to a certain severe asthma phenotype and fail to meet the selection criteria for a particular monoclonal antibody. Moreover, even those who present as candidates for good response to a certain therapy may never be completely certain of success. Current research is also focused on search for biomarkers of possible response to available biological therapies (48).

Hence, many potential alternatives to current therapeutic strategies have recently been investigated. Some of these, discussed below, are at a late stage of research; however, they have not yet reached the assumed clinical endpoints in RCTs, and therefore have not received approval in the treatment of severe asthma. In this section we summarize the available information on drugs that were considered and studied in the area of severe asthma, yet were eventually discontinued in this indication.




Tralokinumab

Tralokinumab is a human IgG4 monoclonal antibody targeting IL-13. The drug was studied in several clinical studies and reached phase III in STRATOS 1, STRATOS 2 and TROPOS studies. STRATOS 1 study was aimed to identify a biomarker-specific sub-group that would potentially benefit most from 300mg tralokinumab and that was further studied in STRATOS 2. The group comprised patients with baseline FeNO 37 ppb or higher, who demonstrated a reduced asthma exacerbation rate in STRATOS 1, but not in STRATOS 2 (49). The results of the TROPOS study indicate that tralokinumab use does not allow any reduction of oral corticosteroid use by patients with OCS-dependent asthma (50–52).

The phase II MESOS study examined whether tralokinumab would inhibit the release of eosinophil chemotactic factors in the lungs, resulting in decreased eosinophil lung population, despite increasing the overall eosinophil population possibly due to inhibition of eosinophil–endothelial adhesion, as observed in previous studies (53–55). The findings indicate that tralokinumab does not affect eosinophilic inflammation in bronchial submucosa, blood or sputum compared to placebo, although it did reduce FeNO and IgE concentrations (56).

A meta-analysis of six available RCTs of tralokinumab, i.e. those mentioned above with additional two phase II studies (53, 54), found that the drug improved FEV1 and FVC in patients with moderate-to-severe asthma; however, it did not improve asthma-related quality of life, nor reduce asthma exacerbations in unselected patients. Treatment has nevertheless resulted in improvements in asthma exacerbation rates in patients with high FeNO (57). Tralokinumab has been shown to be well-tolerated with a low risk of adverse events and low likelihood of immunogenicity (58).

Hence, tralokinumab treatment does not appear to be an effective strategy for severe uncontrolled asthma (59). Research has shifted from asthma to treating skin conditions, and the drug has shown promising results in atopic dermatitis (60)



Lebrikizumab

Lebrikizumab is another humanized IgG4 monoclonal antibody targeting IL-13 that has been intensively studied in moderate-to-severe asthma. It has been evaluated in several phase II and phase III studies. In phase II studies it has demonstrated reduced exacerbation rates and improved FEV1 in patients with uncontrolled asthma, particularly among those with high periostin concentration or blood eosinophil count (61).

Replicate phase III studies - LAVOLTA1 and LAVOLTA2 - have analyzed the effects of subcutaneous lebrikizumab treatment, 37.5 mg and 125 mg once every four weeks, compared to placebo; the patients have been divided into biomarker-high (periostin, blood eosinophils) and biomarker-low subgroups. However, the results remain inconsistent, as the primary endpoint, i.e. a significant (greater than 30%) reduction of exacerbation rate, was reached in LAVOLTA1, but not in LAVOLTA2. The drug indeed improved FEV1 in the biomarker-high patients, but did not improve secondary outcomes, viz. AQLQ(S) and ACQ-5 scores, in either group (62).

Another pair of replicate phase III studies were LUTE and VERSE. They were primarily designed as phase III trials, but were converted to phase IIb due to the discovery of a host-cell impurity in the study drug material. Thus, the findings only included the placebo-controlled period of variable duration, and were pooled across both studies. Changes in exacerbation rate were far more pronounced in the periostin-high group (60% reduction) than in the periostin-low group (5% reduction); these two groups also demonstrated 9.1% (high group) and 2.6% changes (low group) in FEV1 (63).

Recent reports indicate that research into lebrikizumab has been moved from asthma to atopic dermatitis and chronic spontaneous urticaria. However, it may be further investigated in sub-populations of asthma patients with high blood eosinophil count and high FeNO (64).

A meta-analysis of lebrikizumab and tralokinumab studies found that although IL-13 inhibitors showed some benefits in clinical studies, a more promising approach would be the combined blocking of IL-13 and IL-4, which demonstrate overlapping pathophysiological roles (65).



Secukinumab

Secukinumab is a human IgG1κ monoclonal antibody targeting IL-17A. It is currently registered for the treatment of plaque psoriasis, psoriatic arthritis and ankylosing spondylitis. Although the safety, tolerability and efficacy of the drug in patients with uncontrolled asthma was investigated in a Phase II study, no improvements in ACQ were found and the investigation was discontinued by the producer. This is the only available clinical study of secukinumab in severe asthma (66).

Previously, secukinumab had been evaluated in the ozone-induced airway neutrophilic inflammation model in healthy volunteers. Following ozone stimulation, study subjects were randomized to receive secukinumab (10 mg/kg), placebo or a single-dose oral corticosteroid treatment. No significant differences in airway neutrophilia compared to baseline were observed between study groups, including the secukinumab group (67). These findings suggest that the drug would probably not bring any clinical improvement in neutrophilic asthma.



Brodalumab

Brodalumab is a human, IgG2 monoclonal antibody targeting IL-17RA, which is currently registered for the treatment of psoriasis vulgaris, psoriatic arthritis, pustular psoriasis and psoriatic erythroderma. The drug was studied in a randomized, double-blind phase II study with 315 participants in four groups: placebo, brodalumab 140 mg, brodalumab 210 mg and brodalumab 280 mg. No clinically significant differences were observed between the groups in terms of ACQ score, FEV1, morning PEF, SABA use, daily and nighttime symptom scores or symptom-free days. A predefined subgroup analysis found that only the high bronchodilator reversibility subgroup demonstrated clinically significant benefits (68).

Another phase II study of brodalumab with 421 patients was initiated but later terminated; however, this was due to lack of observed efficacy, not safety concerns. The results are not publicly available (69).



Fevipiprant

Another mediator pivotal to orchestrating immunological and inflammatory mechanisms in asthma is prostaglandin D2 (PGD2), an eicosanoid which is released by degranulating mast cells. Fevipiprant, an oral, nonsteroidal, highly-selective, reversible antagonist of the DP2 receptor showed promising results in three phase II studies. Although it is not a monoclonal antibody, due to its advanced stage of development, we decided to include it in this review to broaden the context of current advances in asthma.

Early-phase trials have confirmed its safety and demonstrated its potential efficacy in patients with asthma, specifically, improvement in FEV1 and eosinophilic airway inflammation (70, 71). Despite these results, the subsequent phase III trials did not yield satisfactory clinical conclusions.

In two placebo-controlled replicate phase III studies named ZEAL-1 and ZEAL-2, patients received 150 mg fevipirant (or placebo) plus standard-of-care asthma therapy (medium- or high-dose ICS, low-dose ICS plus either LABA or LTRA, or medium-dose ICS plus LABA for at least three months prior to screening). Neither study met its primary endpoint, defined as change from baseline in pre-dose pre-bronchodilator FEV1 at the end of the 12-week treatment period. Nor did it meet its secondary endpoints: change from baseline in daytime asthma symptom score and total dailySABA use over 12 weeks of treatment, and change from baseline in AQLQ +12 score at week 12 (72).

Another two replicate phase 3 studies of fevipirant (LUSTER-1 and LUSTER-2) examined the effects of fevipiprant on moderate to severe asthma exacerbation annualized rate in patients aged 12 or older receiving GINA step 4 or 5 treatment. Patients were randomised to receive 150 or 450 mg of fevipirant or placebo throughout a 52-week observation period. Neither of the studies demonstrated a significant reduction in asthma exacerbation annualized rates (73). Due to this observed overall lack of clinical efficacy, the manufacturer has discontinued its research in asthma.



Anakinra

Anakinra is a human IL-1 receptor antagonist produced by recombinant DNA technology in an E. coli expression system. As the IL-1-regulated pathway is believed to play a significant role in asthma pathogenesis in both Th2/Th17-high and –low phenotypes, it has become an attractive therapeutic target (74). However, two recent clinical trials that were designed to assess the effectiveness of anakinra as a rescue treatment for airway inflammation in allergic asthma, either through early- or late-phase administration after allergen challenge, were withdrawn due to the COVID-19 pandemic and the risks associated with allergen exposure and anakinra treatment (75, 76). Another study of the drug has been suspended (77).

Other potential treatments for severe asthma have unfortunately failed to demonstrate satisfactory results and thus are not being continuously studied. Such examples include:

	• Cendakimab (formerly known as RPC4046), a monoclonal antibody targeting IL-13, which was only reported in a Phase I study in asthmatic patients (78). The drug is being further developed in eosinophilic esophagitis (79)

	• GSK 679586 – another monoclonal antibody targeting IL-13 reported to reach phase II. The drug did not demonstrate any clinically-relevant improvements in asthma control, pulmonary function or exacerbations in patients with severe asthma (80).

	• Daclizumab - a monoclonal antibody that binds the IL-2R α chain (CD25), which in turn inhibits lymphocyte activation. The available literature only includes one RCT for the drug: A 2008 study by Busse et al. examined its effects on FEV1 changes in 115 patients with moderate to severe uncontrolled asthma. An improvement was observed in the 88-patient daclizumab group (4.4 ± 1.80% vs 1.5 ± 2.39%; p = 0.05), daytime asthma symptoms were reduced (p = 0.018), and the time to exacerbation was prolonged (p = 0.024). An absolute increase of FEV1 was observed in the treated group, i.e. from 2.34 ± 0.07 in baseline to 2.4 ± 0.08 at Day 84, the patients receiving placebo had a decrease in FEV1 (from 2.25 ± 0.1 to 2.2 ± 0.1 L), and an increase in serious adverse events was reported in the treatment arm (5 vs 1) (81). Although it was discussed at the time as a potential asthma therapy, the drug was not further studied in asthma (82). Daclizumab is now registered and indicated in multiple sclerosis (83)

	• Enokizumab/Medi-528 - an antibody targeting IL-9: an inflammatory cytokine that regulates the development of airway inflammation, mucus production, airway hyperresponsiveness, and airway fibrosis by increasing mast cell numbers and activity (84). Enokizumab showed an acceptable safety profile in phase I studies (85). The drug reached Phase II clinical trials in 2011 (86). However, at this stage, the drug administration (dosed subcutaneously at three dosages – 30, 100 and 300 mg every 2 weeks for 24 weeks in addition to concurrent asthma medication) did not yield any improvements in ACQ-6 scores, asthma exacerbation rates or FEV1 values (87).

	• Canakimumab – a monoclonal antibody targeted at IL-1β. The drug was tested in one small study in 16 asthmatics with positive results, with attenuation of the late asthmatic response after inhalative allergen challenge and a >90% decrease of IL-1β level (88). The drug is currently registered in Periodic Fever Syndrome, Cryopyrin-Associated Periodic Syndromes, Tumor Necrosis Factor Receptor-Associated Periodic Syndrome, hyperimmunoglobulin D syndrome and several other rheumatoid diseases.

	• Risankizumab - a monoclonal antibody targeting the p19 subunit of IL-23: a cytokine mostly affecting Th17 cells and thus decreasing antigen-induced Th2 cytokine production (89). Only one phase IIa study on this drug has been published to date. The results indicate that treatment failed to reduce the annualized asthma exacerbation rate compared to placebo, with the risankizumab group demonstrating shorter time to first asthma worsening (90). Therefore, research in this area is discontinued, with potential other applications (e.g. psoriasis) being currently researched (91).

	• VR942 - a dry-powder formulation containing CDP7766, a high-affinity anti-human-IL-13 antigen-binding antibody fragment. Only one phase I study has examined the safety and pharmacodynamics of the drug. Although the concept of direct inhalable administration of monoclonal antibodies to the target tissue seems promising, this study remains one of few such reports in humans (92). A 2012 study by Hacha et al. examined the concept of nebulized anti-IL-13 antibody treatment in a murine model of asthma with promising results; however, the idea was not continued (93). Even so, other studies have evaluated the potential of similar drug delivery methods in other respiratory conditions (94).



A summary on the above-mentioned discontinued drugs in severe asthma is presented in Table 2.


Table 2 | Drugs discontinued in severe asthma research.




Other approaches for treating severe asthma and potential new targets

Research on monoclonal antibodies in severe asthma has made significant progress in recent years. With the six monoclonal antibodies currently available (omalizumab, mepolizumab, benralizumab, reslizumab dupilumab and tezepelumab), patients with severe asthma have a fairly wide range of possible treatments. However, although these are highly-advanced drugs that target specific pathophysiological pathways of asthma, a large group of patients still fails to respond to treatment (100). Consequently, the terms ‘non-responders’, ‘responders’ and ‘super-responders’ have emerged to categorize those who do or do not reach improvements with biologics. This problem may be partially explained by the fact that the target molecule is a part of a causal network of many other inflammatory mediators rather than an element of a linear cause and effect relation (101). Many efforts have been made to identify biomarkers of response to biological treatment, yet no dichotomous factor has been found to date (101–104).

As such, research has turned to new antibodies aimed at other cytokines. This section summarizes the current findings concerning molecular targets in severe asthma obtained in clinical and pre-clinical research.



Tocilizumab (also called ‘atlizumab’)

Tocilizumab is a humanized IgG1 antibody targeting IL-6R – the receptor for IL-6, that is an interleukin recently attributed to contribute to asthma pathogenesis and which may represent a pathophysiological target (105). This drug is registered for the treatment of rheumatological conditions such as rheumatoid arthritis. More recently, it has been intensively studied and registered as a drug in SARS-COV-2 infection (106). However, as of May 2022, there have been no clinical studies of tocilizumab in severe asthma, and very limited data exists on the use of the drug in asthma.

In May 2019 Esty et al. reported two pediatric cases of severe persistent, non-atopic asthma treated with tocilizumab. Both patients demonstrated good clinical (FEV1 increase, reduction of oral corticosteroids) and immunological (reduced IL-4 and IL-17 production) responses to the therapy and no adverse events (107).

A proof-of-concept study by Revez et al. published in June 2019 studied the effects of tocilizumab on asthma patients with high sIL-6R levels following two allergen inhalation challenge tests. The study included 11 patients: six who received tocilizumab and five placebo. No significant differences in the primary endpoint was observed between study arms: late asthmatic response, maximum percentage fall in FEV1 and AUC of the percent fall in FEV1 (108).




Anti-IL-33: Itepekimab, etokimab, melrilimab, LY3375880, MEDI3506

Itepekimab, found in the literature under the aliases REGN-3500 or SAR440340, is an anti-IL33 antibody that has recently been studied or treating asthma. Although research on this antibody has reached phase II, the results are insufficient to continue it further. A recent study by Weschler et al. compared the efficacy of itepekimab with three other treatments: dupilumab, itepekimab+dupilumab and placebo. The groups were randomized in a 1:1:1:1 ratio and the primary endpoint was the occurrence of an event indicating loss of asthma control. By week 12, such an event occurred in 22% of patients in the itepekimab group, 27% in the combination group, and 19% in the dupilumab group, as compared to 41% in the placebo group (96). As a consequence of these results, the drug was discontinued for asthma research in February 2021; however, its potential against COPD remains under study (109).

Etokimab is another anti-IL-33 monoclonal antibody which has been recently studied as a possible asthma treatment. Currently, no peer-reviewed reports are available; however, it has been speculated that the drug might be studied against asthma, pending results of failing studies in eczema and atopic dermatitis (99).

Other anti-IL-33/IL-33R drugs reported are melrilimab by GSK, LY3375880 by Lilly and MEDI3506 by AstraZeneca. Only the latter is currently being studied in an on-going phase II clinical trial, the FRONTIER-3 trial, with an estimated completion date in August 2022 (110).



Bispecific antibodies

An interesting approach, although still only in the initial research phase and without any significant progress regarding severe asthma biological therapy, is based on the concept of bispecific antibodies, i.e. such that one particle can target two immunological targets at the same time. Compared with hypothetical combination therapy including two monospecific antibodies, bispecific antibody treatment may incur lower costs of development and clinical trials. Such examples include:

	• BITS7201A (a monoclonal antibody that binds both IL-13 and IL-17) which to date has only been studied in a single phase I study; it showed good drug tolerance, but a high incidence of anti-drug antibodies (111)

	• a monoclonal antibody simultaneously targeting IL-4Rα and IL-5 in a murine model of asthma (112)

	• bispecific anti-TSLP/IL13 antibodies called Zweimabs (monovalent bispecific) and Doppelmabs (bivalent bispecific) (113)



Selected other particles with signaled or ongoing research in severe asthma are presented in Table 3. The summary on available, currently researched and discontinued agents in severe asthma is shown in Figure 1. Also, a brief graphic summary on future perspectives of research in the field of severe asthma may be found in Figure 2.




Figure 1 | Summary on available, continued and discontinued agents in severe asthma.






Figure 2 | Summary on future perspectives in severe asthma research.




Table 3 | Monoclonal antibodies and drugs in current clinical trials or suggested as potential agents in severe asthma.




Challenges and future perspectives in the biological therapy of severe asthma

Clearly, research of new drugs for severe asthma remains intense, with many potential pathways under investigation. Parallel to the development of new drugs, attempts are being made to optimize the use of existing therapies and to better understand their mechanisms. One promising direction involves identifying the biomarkers of response to a specific monoclonal antibody, an important aspect of personalizing treatment, while another concerns improving the phenotyping of asthma, and thus the selection of a drug compatible with the immune background. For example, many patients qualify for both omalizumab (high IgE) and anti-IL-5 therapies (high blood eosinophilia), forcing a difficult decision in the choice of a drug (121), which may be suboptimal (122).

However, as few studies have compared individual molecules under real-life and head-to-head conditions, there is often inadequate data to conclusively state that a given drug is better than another. As such, the choice of treatment remains a clinical challenge, not only due to the differentiation of the disease, but also to the variety of potential treatment options (123). Although some ongoing head-to-head studies cover this issue, such as PREDICTUMAB, a head-to-head study of omalizumab and mepolizumab (124), or Choosebetweenmab (125), they are few in number. Notably, no direct head-to-head comparisons between anti-IL-5 antibodies in asthma have been made, although one head-to-head study comparing benralizumab and mepolizumab in Eosinophilic Granulomatosis With Polyangiitis is ongoing (MANDARA) (126). Therefore, no clear advantage can be found for any of these treatments (127, 128).

Another important aspect of research into severe asthma and implementation of new drugs concerns their effect on airway remodeling: an important aspect of research, with great efforts being aimed at determining whether new, or existing, drugs reverse this process. For example, the effect of tezepelumab on bronchial remodeling was already verified in phase II studies (129), unlike the majority of previously registered drugs (130).

Finally, no matter how successful the new and future biologics may be at treating severe asthma, research is still needed into the selection of an appropriate treatment depending on the individual characteristics of the patient’s disease. There is a clear need for updating state-of-art algorithms biologics selection to allow them to reflect nuances in asthma phenotype and treatment response. Some progress in this field has been made recently with algorithms proposed by Papadopoulos (131), Viswanathan (123) or Buhl (132).




Summary

Monoclonal antibodies targeting specific inflammatory cytokines are undoubtedly revolutionary drugs in many fields of medicine and have begun a new chapter in the treatment of severe and complex cases of immunological diseases. This is also the case in severe asthma, where we have moved from demanding and aggravating oral steroid therapy to a targeted and personalized immunological approach. In asthma, the use of monoclonal antibodies has given many patients the chance to control their disease and significantly improve their quality of life. However, there is still a need to develop new therapies that will be effective in more complex and unusual cases, or where existing treatment has not been successful.

Research on new monoclonal antibodies in asthma does not always bear fruit. The immunological complexity of the disease, with its considerable variation in phenotypes and endotypes, greatly hinders the identification of new therapeutical solutions. The bench-to-bed process of drug development is always a challenge which continually demands greater efforts and many of the promising concepts are not confirmed in clinical trials; however, while this may appear as failure, these findings allow future research in a given area to be narrowed or redirected to other areas of medicine.
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DRUG

Tralokinumab

Lebrikizumab

Secukinumab

Brodalumab

Fevipirant

Anakinra

Cendakimab

GSK 679586

Daclizumab

Enokizumab/
Medi-528

Canakimumab

Risankizumab

VR942

Itepekimab
(REGN-3500)

Etokimab

Melrilimab

LY3375880

FORM

Human IgG4
monoclonal
antibody
Humanized
1gG4
monoclonal
antibody
Human IgGlx
monoclonal
antibody
Human, IgG2
monoclonal
antibody
Non-steroidal
selective
receptor
inhibitor

Protein

Monoclonal
antibody
Monoclonal
antibody
Humanized
1gG1
Monoclonal
antibody
Humanized
IgGlx
monoclonal
antibody
Humanized
IgGlx
monoclonal
antibody
Human IgG1
monoclonal
antibody
Inhalable
fragment of
antibody
Human IgG4P
monoclonal
antibody
Monoclonal
antibody
Monoclonal
antibody
Monoclonal
antibody

NA, none available.

TARGET

IL-13

IL-13

IL-17A

IL-17RA

CRTH2

IL-1R

IL-13

IL-13

IL-2Ro

1L-9

IL-1B

IL-23

IL-13

IL-33

1L-33

IL-33

1L-33

LAST
PHASE
OF
STUDY
Phase 11T

Phase III

Phase II

Phase 11

Phase IIT

Phase I/Phase
1T

Phase I

Phase II

Phase II

Phase II

Phase I/Phase
1T

Phase Ila

Phase 1

Phase II

Phase ITa

Phase II

Preliminary

LAST
PHASE OF
STUDY
YEAR

2019 (51)

2016 (62)

2015 (66)

2013 (95)

2021 (72)

2017 (78)

2014 (80)

2008 (81)

2013 (87)

2006 (88)

2021 (90)

2018 (92)

2021 (96)

2019 (97)

2020 (98)

2020 (99)

OTHER FDA-APPROVED INDICATIONS

Atopic dermatitis

NA, possibly atopic dermatitis

Plaque psoriasis, Psoriatic arthritis, Ankylosing spondylitis

Plaque psoriasis

NA

Rheumatoid arthritis, COVID-19, Periodic fever syndrome, Cryopyrin-associated
periodic syndromes, Familial Mediterranean Fever, Adult-onset Still’s disease
NA

NA

Multiple sclerosis

NA

Relapsing fever syndrome, Cryopyrin-Associated Periodic Syndromes, Tumor
Necrosis Factor Receptor-Associated Periodic Syndrome, hyperimmunoglobulin D
syndrome and several other rheumathoid diseases

Plaque psoriasis
Psoriatic arthritis

NA

NA

NA

NA

NA
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DRUG FORM TARGET CURRENT OTHER FDA-
STUDY STAGE APPROVED INDICA-
TIONS

Tocizilumab ~ Humanised IgG1 monoclonal antibody IL-6R Casuistic Rheumatoid arthritis
COVID-19
Juvenile idiopathic arthritis
Cytokine release syndrome

Clazakizumab Humanized monoclonal IgG1 antibody IL-6 Phase 2 (114) NA
CSJ117 Antibody fragment in powder for delivery ~ TSLP Phase 2 (115) NA
to the lungs via dry powder inhaler
FB825 Humanised IgG1 monoclonal antibody CemX domain on human B lymphocytic cells Phase 2 (116) NA
expressing membrane-bound IgE (mIgE).
CM310 Monoclonal antibody IL-4Ro Phase 2 (117) NA
610 Monoclonal antibody IL-5 Phase 1 (118) NA
FB704A Human antibody IL-6 Phase 2 (119) NA
MEDI3506 Monoclonal antibody IL-33 Phase 2 (120) NA

NA, none available.
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“ABPA (n=64)

Age (years) 45.0 (33.5-52.8)
Male/Female 40/24
BMI (kg/m?) 20.73 (18.64-24.29)

Lung function

FVC (%) 79.87 £ 1697
FEV1 (%) 64.35 (46.25-84.32)
FEV1/FVC (%) 7834 + 20.76
PEF (%) 64.28 + 25.39
MMEF75/25 (%) 33.08 (12.80-57.83)
MEF50 (%) 37.05 (15.40-63.25)
MEF25 (%) 29.45 (13.67-54.80)

FeNO 76.00 (52.00-89.50)
Venous blood cell analysis

WBC (1079/L) 8.00 (6.74-9.86)

NEUT% 58.61 + 13.30
LY% 22.90 (18.03-35.00)
EO% 10.60 (7.20-12.55)

NEUT (10A9/L) 425 (3.35-6.28)
LY (10A9/L) 1.80 (1.48-2.53)
EO (10A9/L) 1.65 (1.09-2.26)

Induced sputum cytology classification

SNEUT% 71.95 + 20.41
SMo% 5.00 (0.50-20.30)
SEO% 21.15 (7.60-35.75)
SLY% 1.02 (0.50-2.00)

Infection index
ESR (mm/h) 18.00 (8.50-26.25)
PCT (positive rate) 80.95%

PA.f (+) Asthma (n=57)

33.0 (14.5-52.0)
34/23
21.64 (18.36-24.80)

83.19 +19.07
60.20 (41.00-90.50)
75.46 + 18.70
62.65 + 26.25
22.00 (14.50-60.60)
22.30 (15.00-68.20)
24.60 (10.20-53.42)
40.00 (32.00-52.00)

8.52 (6.93-9.90)
59.40 + 15.35
28.40 (18.40-34.00)
410 (1.20-7.30)
450 (3.30-6.40)
240 (1.50-2.60)
033 (0.10-0.54)

60.39 + 24.92
9.50 (1.00-25.00)
5.55 (2.50-14.50)
1.05 (0.50-1.50)

12.00 (7.00-20.00)
77.14%

“A.f (-) Asthma (n=33)

38.0 (9.0-61.5)
20/13
20.98 (16.78-25.50)

94.73 + 15.98
88.90 (76.65-102.20)
90.39 + 11.17
85.80 + 1955
55.10 (41.36-76.15)
54.41 (44.05-75.05)
48.50 (32.25-69.23)
44.00 (23.50-69.00)

8.50 (6.20-10.02)
58.16 + 14.79
27.10 (20.40-41.40)
430 (1.20-7.15)
440 (3.60-6.25)
2.10 (1.55-3.05)
027 (0.09-0.65)

54.24 + 25.66
16.00 (4.63-44.59)
5.85 (2.75-9.50)
1.25 (1.00-2.50)

12.00 (10.00-21.50)
75.76%

avs.b

0.026
0.926
0.830

0.649
0919
0.638
0.656
0.379
0.258
0425
0.000

0.882
0.581
0.709
0.000
0.716
0.528
0.000

0.067
0.367
0.000
0.844

0.320
0.682

Comparison (p-value)
avs.c

0.161
0.924
0.827

0.000
0.000
0.005
0.000
0.006
0.009
0.021
0.001

0.979
0.856
0.134
0.000
0.898
0.293
0.000

0.003
0.024
0.000
0.146

0473
0.586

bs.c

0.703
0.772
0.976

0.007
0.001
0.001
0.000
0.001
0.000
0.003
0.782

0.745
0.659
0.401
0.917
0.859
0.735
0.606

0.261
0.135
0.681
0.116

0.623
0.893

ABPA, allergic bronchopulmonary aspergillosis; A.f (+) asthma, Aspergillus fumigatus-sensitized asthma; A.f (-) asthma, non-Aspergillus fumigatus-sensitized asthma; BMI, body mass
index; FVC, forced vital capacity; FEV1, forced expiratory volume in 1 s; PEF, peak expiratory flow; MMEF, maximum mid-expiratory flow; MEF50, maximal expiratory flow 50; MEF25,
maximal expiratory flow 25; FeNO, fractional exhaled nitric oxide; SNEUT, sputum neutrophils; SMo, sputum macrophages; SEO, sputum eosinophils; SLY, sputum lymphocytes; WBC,
white blood cell; NEUT, neutrophils; LY, lymphocytes; EO, eosinophils; ESR, erythrocyte sedimentation rate; PCT, procalcitonin. Bold font indicates statistical significance (p<0.05).
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