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[bookmark: _Hlk81921580]ABSTRACT
[bookmark: _Hlk95739086][bookmark: _Hlk95732650][bookmark: _Hlk94611283]Despite good evidence of impaired innate antiviral responses in asthma, trials of inhaled interferon-β given during exacerbations showed only modest benefits in moderate/severe asthma. Using human experimental rhinovirus infection, we observe robust in vivo induction of bronchial epithelial interferon response genes four days after virus inoculation in 25 subjects with asthma but not 11 control subjects. This signature correlated with virus loads and lower respiratory symptoms. Our data indicate that the in vivo innate antiviral response is dysregulated in asthma and open up the potential that prophylactic rather than therapeutic interferon therapy may have greater clinical benefit.

INTRODUCTION
Virus-induced asthma exacerbations cause significant morbidity, mortality and healthcare resource utilisation, yet their pathophysiology remains incompletely understood. We and others have previously shown that a range of primary cells from subjects with asthma display deficient type I and III interferon (IFN) production when stimulated ex vivo with respiratory viruses, suggesting early protective anti-viral responses are impaired in asthma.(1) However in subsequent clinical trials, inhaled exogenous IFN-β started during viral infections has not impacted the primary endpoint of exacerbation severity.(2, 3) 
Contrary to earlier ex vivo studies, gene expression analysis during experimental rhinovirus (RV) infection in subjects with asthma has shown robust IFN responses in nasal and bronchial epithelial cells three and six days after inoculation respectively,(4, 5) findings echoed in naturally occurring virus-induced exacerbations in children with asthma,(6) although these studies did not include a control group. We therefore sought to comprehensively study the in vivo changes that occur in innate antiviral immunity in subjects with asthma relative to healthy controls following experimental RV infection and determine relationships to viral load, protein mediators, and clinical outcomes. 
METHODS
[bookmark: _Hlk82514445]Major pulmonary sources of antiviral mediators such as IFNs include bronchial epithelial cells (BECs) and alveolar macrophages (AMs). We therefore analysed the transcriptome of these cells using the Affymetrix HuGene 1.0 array and Transcriptome Analysis Console v4.0 (Affymetrix, USA) in BECs and bronchoalveolar lavage (BAL) cells (predominantly AMs) sampled by bronchoscopy from subjects with asthma (n=25) and healthy controls (n=11) at baseline (pre-infection) and four days after experimental RV challenge. Details of the study have been previously published(7) and are summarised in the appendix. Samples from three subjects with asthma were excluded due to the quality of the RNA; the clinical characteristics of the subjects included in this analysis are provided in Table S1. Further analysis was performed using Gene Set Enrichment Analysis (GSEA) software v4.1.0 (Broad Institute, USA) and GraphPad Prism v9.0 (GraphPad Software, USA).
RESULTS 
[bookmark: _Hlk95740764]In BECs, there were 16 differentially expressed genes (DEGs; ≥2-fold change/difference and q≤0.05) on day 4 during infection compared to baseline in subjects with asthma, all of them upregulated (Figure 1A). All 16 are induced by type I IFNs according to an online database of IFN-regulated genes (Interferome v2.0.1), and pathway analysis of these using WikiPathways found the IFN-α/-β signalling pathway to be the most significantly enriched. There were no DEGs in BECs from healthy controls during infection versus baseline, nor comparing the asthma and healthy groups at either timepoint, or in any of the comparisons of gene expression in BAL cells.  This indicates altered in vivo anti-viral responses may be more robust in BECs than AMs or other immune cells in the airway lumen at this time point.
[bookmark: _Hlk82528867]Gene set enrichment analysis using the Hallmark collection found that, in BECs from subjects with asthma during RV infection, 16 gene sets were significantly upregulated (false discovery rate <25%) with immune pathways the most significantly enriched (IL6/JAK/STAT3 signalling, IFN-γ response, inflammatory response, IFN-α response, and complement pathways). At baseline only one pathway (bile acid metabolism) was significantly enriched in BECs from subjects with asthma, and none in the healthy controls at baseline or during infection. A Z score of the Hallmark IFN-α response gene set was significantly increased during infection in BECs from subjects with asthma but not healthy controls or BAL cells, with a trend towards higher IFN-α response gene expression during infection in asthma versus controls (p=0.1234) perhaps limited by the relatively small number of controls (Figure 1B).
[bookmark: _Hlk94622135][bookmark: _Hlk81995883][bookmark: _Hlk81997733][bookmark: _Hlk83118412][bookmark: _Hlk86830438][bookmark: _Hlk81997754]IFN-α response gene expression was significantly positively correlated with virus copies in nasal lavage and BAL samples for subjects with asthma (Spearman correlation r=0.47 p=0.02 and r=0.57 p=0.003 respectively), with no difference between the slopes of the lines of best fit for the asthma versus healthy control groups even though the latter did not reach statistical significance, perhaps due to the smaller subject numbers (Figure 2A-B). This suggests augmentation of this signature in asthma is driven by increased virus replication, with nasal virus copies significantly higher in subjects with asthma, around 250-fold, on day 3 compared to healthy controls(7) and >10,000 virus copies in BAL samples from 11/28 asthma subjects compared to 3/11 controls, although levels in BAL were generally very low and not significantly different between the groups. This may have clinically relevant effects in terms of driving symptoms during exacerbation, supported by a positive correlation between IFN-α response gene expression and lower respiratory symptoms (for asthma, Spearman correlation r=0.41 p=0.046) (Figure 2C).
[bookmark: _Hlk82529737][bookmark: OLE_LINK3][bookmark: _Hlk94608942][bookmark: _Hlk94606724]We have previously reported the results of 34 proteins in nasal and bronchial lining fluid, many of which were significantly increased in asthma compared to controls during infection.(7, 8) We investigated whether the changes in BEC mRNA expression observed here translated to changes in protein levels in the airways by examining correlations between these during infection (Figure 3). Over two thirds of proteins were positively correlated with expression of the matched genes, with more significant relationships seen in asthma than controls (likely due to fewer numbers of control subjects), and between BEC and BAL cell gene expression and proteins in bronchial rather than nasal lining fluid. Seven of the ten most significant correlations were found in the asthma group during infection, the most prominent being the IFN-induced antiviral mediators C-X-C motif chemokine ligand (CXCL)10 and CXCL11.
DISCUSSION
[bookmark: _Hlk94599662][bookmark: _Hlk95744098][bookmark: _Hlk82527475][bookmark: _Hlk82791902]These data show IFN-induced genes are upregulated on day 4 during RV infection in BECs in asthma and correlated with virus copies. Given the wealth of evidence that cells from subjects with asthma have reduced potential to produce type I IFN, we hypothesise that early deficient antiviral responses lead to unchecked virus replication and subsequently increased virus-induced inflammation and symptom severity in asthma. A similar sequence of events has been described following RV infection of primary cells from subjects with asthma where the IFN response is delayed compared to healthy cells.(9) In vivo, lower baseline expression of type I IFN response genes was associated with a shorter time to exacerbation in a cohort of children with asthma, who nonetheless displayed robust expression of type I IFN responses genes during virus-induced exacerbations.(6) The upregulated in vivo bronchial IFN responses we observed four days after inoculation were accompanied by upregulated nasal IFN responses from day 2 to day 7.(8) Further in vivo studies employing earlier sampling will be needed to investigate whether IFN responses are indeed delayed or deficient in asthma in vivo. The exaggerated IFN responses could alternatively be consistent with delayed resolution of IFN responses in asthma. Indeed, severe and uncontrolled asthma and asthma exacerbations are associated with lower levels of pro-resolving lipid mediators and their receptors (reviewed in (10)).
Our study may help explain the modest benefits of inhaled IFN therapy in clinical trials in asthma exacerbations. Asthma symptoms peaked four days after inoculation in this study,(7) the likely time when they would present with symptoms. Our data suggest that at this timepoint the antiviral response is already accentuated in subjects with asthma and there may be less benefit in further augmenting this therapeutically then. Prophylaxis may however be effective, as suggested by a recent in vitro study by Watson et al(11) where addition of exogenous IFN-β before but not after influenza infection of BECs reduced virus replication. Future studies should focus on inhaled IFN as a prophylactic agent in asthma.
[bookmark: _Hlk81926143][bookmark: _Hlk82526317][bookmark: _Hlk94598860][bookmark: _Hlk94599195]The main limitations of our study are the single lower airways sampling timepoint, possibly missing an early robust IFN response in healthy controls and/or deficient response in asthma; a lack of transcriptomic data from the upper airways, where vigorous IFN release might prevent lower airways infection in healthy controls; and the relatively small number of controls, with reduced power to detect significant changes in that group. We believe these factors explain why IFN response genes were not significantly upregulated in control BECs four days after inoculation, rather than this signal being absent in health.
[bookmark: _Hlk94599776]In conclusion, we have demonstrated robust type I IFN responses to human RV infection in asthma, contrary to in vitro findings, and correlating with virus copies and lower respiratory symptoms. Further investigation of IFN responses early in infection in vivo is warranted.
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FIGURE LEGENDS
Figure 1 Genes related to antiviral interferon responses were upregulated during rhinovirus infection in bronchial epithelial cells from subjects with asthma. (A) Heatmap of the 16 genes that were differentially expressed (≥2-fold change and q≤0.05) during infection compared to baseline in bronchial epithelial cells (BECs) from subjects with asthma; expression of same genes in BECs from healthy controls shown for comparison. The expression values shown are the robust multi-chip analysis (RMA)-normalised signal for each gene in each sample. Each column represents an individual subject, asthma or healthy control, either at baseline or during infection. (B) Z score of the Hallmark interferon-α response gene set at baseline and during infection (four days after rhinovirus inoculation) in BECs and bronchoalveolar lavage (BAL) cells from subjects with asthma and healthy controls. *** P ≤0.001
[bookmark: _Hlk82519107][bookmark: _Hlk82529309]Figure 2 Interferon-α response gene expression in bronchial epithelial cells correlated with virus copies and lower respiratory symptoms during infection. Correlation of bronchial epithelial cell interferon-α response gene Z score with virus copies in (A) bronchoalveolar lavage (day 4 post rhinovirus inoculation) and (B) nasal lavage (peak during infection) and (C) total lower respiratory symptoms in the 14 days after inoculation in asthma and healthy controls. The Spearman correlation coefficient r and p value are shown on each chart for the asthma (red) and control groups (black). As symptom scores were corrected for baseline and bronchoscopy-induced symptoms, a small number of subjects had a negative score (see Jackson et al AJRCCM 2014(7) for details).
[bookmark: _Hlk82517913][bookmark: _Hlk82516741][bookmark: _Hlk82517935][bookmark: _Hlk82516752][bookmark: _Hlk94621687]Figure 3 The most significant correlations were between protein concentrations in bronchial lining fluid and expression of matched genes in bronchial epithelial cells from subjects with asthma during infection. Volcano plots showing the magnitude and significance of each bivariate association between protein concentration in (A) bronchial and (B) nasal lining fluid samples and expression of matched genes in bronchial epithelial cell (BEC) and bronchoalveolar lavage (BAL) cell samples from subjects with asthma and healthy controls. Names shown for most significant correlations.
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