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Abbreviations: 

COPD chronic obstructive pulmonary disease

FENO Fractional exhaled nitric oxide

FEV Forced expiratory volume in first second

FVC Forced vital capacity

HBEC Human bronchial epithelial cells

HDM House dust mite

HI Heat inactivated 

IC Inhaled corticosteroids

IFN Interferon

IL-8 Interleukin-8

IRF Interferon regulatory factor

IκB Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor

MDA-5 Melanoma Differentiation-Associated protein

NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells

PRR Pattern Recognition Receptors

RIG-I Retinoic acid-inducible gene I

RV Rhinovirus

TLR Toll-Like Receptor

TNF Tumor necrosis factorA
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TSLP Thymic Stromal Lymphopoietin

Abstract
Introduction: Allergen exposure worsens viral-triggered asthma exacerbations and could predispose 

the host to secondary bacterial infections. We have previously demonstrated that exposure to house 

dust mite (HDM) reduced TLR3-induced IFN- in human bronchial epithelial cells (HBECs) from 

healthy donors. We hypothesize that HDM sensitization in different ways may be involved in both 

viral and bacterial resistance of HBECs in asthma. In this study, role of HDM sensitization and 

effects of HDM exposure on viral stimulus-challenged HBECs from asthmatic donors have been 

explored with regard to expression and release of molecules involved in anti-viral and anti-bacterial 

responses, respectively. 

Methods: HBECs from HDM sensitized (HDM+) and unsensitized (HDM-) patients with asthma 

were used. HBECs were exposed to HDM or heat-inactivated (hi)-HDM (20g/ml) for 24h prior to 

stimulation with the viral infection mimic, Poly(I:C), for 3 or 24h. Samples were analyzed with ELISA 

and RT-qPCR for -defensin-2, IFN-, TSLP and neutrophil-recruiting mediators: IL-8 and TNF-⍺. 

NFκB signaling proteins p105, p65 and IκB-⍺ were analyzed by western blot. 

Results: Poly(I:C)-induced IFN- expression was reduced in HBECs from HDM+ compared to 

HDM- patients (p=0.05). In vitro exposure of HBECs to HDM furthermore reduced anti-microbial 

responses to Poly(I:C) including -defensin-2, IL-8, and TNF-⍺, along with reduced NF-κB activity. 

This was observed in HBECs from asthma patients sensitized to HDM, as well as in non-sensitized 

patients. By contrast, Poly(I:C)-induced release of TSLP, a driver of T2 inflammation, was not 

reduced with exposure to HDM.

Conclusion: Using HBECs challenged with viral infection mimic, Poly(I:C), we demonstrated that 

allergic sensitization to HDM was associated with impaired anti-viral immunity and that HDM 

exposure reduced anti-viral and anti-bacterial defense molecules, but not TSLP, across non-allergic as A
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well as allergic asthma.  These data suggest a role of HDM in the pathogenesis of asthma 

exacerbations evoked by viral infections including sequential viral-bacterial and viral-viral infections. 

Key words:
Asthma, bronchial epithelium, exacerbation, allergy

Word: 3650

Introduction
Asthma is a chronic airway disease affecting about 8 % of the European adult population, and with an 

increasing prevalence amongst young adults (1). Asthma is a heterogeneous disease, and allergy with 

sensitization to aeroallergens such as house dust mite (HDM) is a significant contributing factor in a 

majority of patients. HDM is highly immunogenic due to its interaction with the innate immune 

system. For example, as HDM and its fecal pellets hold compounds including lipopolysaccharide and 

β-glucans that can bind to pattern recognition receptors (PRRs) (2). Further, HDM contains several 

proteases, which can affect directly epithelial membrane integrity or activate protease-activated 

receptors (3). Due to the heterogeneous immune properties of HDM aeroallergens, effects may be 

seen in non-allergic as well as allergic asthma (4). 

Although most patients with asthma suffer from a mild to moderate disease, 5-10 % develop a severe 

disease with frequent exacerbations despite high doses of inhaled corticosteroids. Rhinovirus (RV) 

infection is estimated to trigger up to 80 % of asthma exacerbations (5). RV primarily targets human 

bronchial epithelial cells (HBECs), which are considered central responders in airways innate 

immunity (6). During replication, RV produces intermediate, double-stranded-(ds)-RNA molecules 

responsible for initiating the biological effects of the infection (7). dsRNA is detected by PRRs, 

including Toll-like receptor-3 (TLR-3), MDA5 and RIG-I, which activate downstream transcription 

factors, including interferon regulatory factor (IRF)-3 and Nuclear factor kappa B (NF-B). (8) This 

leads to the production of anti-viral interferon- (IFN-β) and other important proteins involved in 

healthy epithelium host defense. However, in patients with asthma, RV infection, or dsRNA 

exposure, causes overexpression and overproduction of TSLP (9, 10). Based on data from a clinical A
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trial using intervention monoclonal antibodies targeting TSLP, this cytokine seems critically involved 

in asthma exacerbations (11, 12). 

In response to RV infection an antimicrobial innate immune response is triggered in the bronchial 

mucosa with increased production of IFNs including IFN- (13, 14). Several studies have 

demonstrated that viral stimulus-induced anti-viral IFN-β is reduced in HBECs from patients with 

asthma compared to healthy individuals (9, 15). RV infection also induces bronchial epithelial release 

of several anti-microbial proteins from HBECs that potentially limit further adjoining infections (5). 

Among pro-inflammatory, epithelium-derived cytokines, IL-8 and TNF- have a crucial role in the 

activation of neutrophils (16). Other important epithelial mediators include β-defensin-2, an anti-

microbial peptide produced in response to RV infection and previously shown to be associated with 

chronic obstructive pulmonary disease (COPD) exacerbations (17). Additionally, a decreased release 

of β-defensin-2 in atopic dermatitis (a type-2 mediated disease)  was shown to be associated with 

increased risk of infections (18). Despite the capacity of inducing anti-microbial molecules, studies 

have highlighted that RV infection in asthma may actually increase the risk of getting a secondary 

bacterial airway infection (19-22). The mechanisms underlying this association are currently unknown, 

but exposure to allergens, that may affect the bronchial epithelial anti-microbial response to viral 

infection may be one link (27, 28). This consideration is also underscored by clinical observations. (23) 

As suggested by microbiome studies, the lungs of patients with asthma have an increased prevalence 

of colonizing pathogenic bacteria compared with healthy subjects (24). It has further been 

demonstrated that  patients with allergic asthma have higher prescription rates of antibiotics than 

patients with non-allergic asthma, which is also linked with the severity of the disease (23).  

Supporting an important role of allergy, children sensitized to HDM have a defective antibody 

response towards bacteria (25). Hales et al. (2009) also demonstrated an association between bacterial 

antibodies in HDM asthma and asthma exacerbations, apparently independent of prior viral infection 

(26). In a previous work, we have demonstrated that HDM stands out amongst other allergens 

(Alternaria alternata, Artemisia vulgaris and Betula pendula) (27) in that 24 h exposure to HDM of the 

bronchial epithelial cell-line BEAS-2B caused reduced IFN-β response to viral stimulation (28).  

We don’t know how the effect of HDM and HDM sensitization are affecting the immune reactivity 

of HBECs from patients with asthma after viral infection. Hence the aim of the study was to A
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investigate HBECs from a clinically defined cohort of patients with asthma, the effects of HDM on 

anti-viral, anti-bacterial and TSLP response after dsRNA challenges. We hypothesized that patients 

sensitized to HDM may have an impaired interferon response. Further, we hypothesized that HDM 

sensitized patients may have a decreased viral and bacterial resistance, without reducing epithelial 

indices of poor tolerance to viral infection, exemplified here by epithelial expression of TSLP.

Materials and Methods

Study population 
Twenty patients with asthma were randomly selected from the patients included in the UPSTREAM 

study (29), and were included in the present study (Table 1). The asthma diagnosis was confirmed 

according to GINA criteria (30). All patients had a positive mannitol challenge test at inclusion, and 

had moderate to severe asthma according to GINA severity (2018). Before undergoing bronchoscopy 

patients were assessed with measures of lung function, fractional exhaled nitric oxide (FeNO) and 

blood and induced sputum cell differential count (Table 1). A skin prick test to 10 aeroallergens (birch 

[Betula species], grass [Phleum pratense] mugwort, horse, dog, cat [Felis domesticus], house dust mite 

[Der p 1 and Der f 2], and fungi [Alternaria and Cladosporium species]; (ALK-Abello, Hørsholm, 

Denmark) was performed (Table 1). Allergic sensitization to HDM (HDM+) was defined as a wheal 

of at least 3mm to either Der p1 and/or Der f2 (dia1+dia2/2) independent of whether patients 

reported to be symptomatic with exposure or not.. Atopy was defined as a positive skin prick test to 

the common allergens exposed before (Table 1).  All subjects provided informed consent prior to 

inclusion. Approval was obtained from the local ethical review board (H-16002008) in Copenhagen 

(29).

Human bronchial epithelial cell cultures
HBECs from the selected patients with asthma were obtained during the bronchoscopy by bronchial 

brushing (bronchoscope: Olympus BF-1TQ180/BF-1TH190, Olympus, Hamburg, Germany) with 

standard sterile‐sheared nylon cytology brushes, as previously described (31). HBECs were cultured in 

bronchial epithelial growth medium (BEGM, Lonza) supplemented with SingleQuots (Lonza) but 

gentamycin was replaced with 0.1% Primocin (InvivoGen). Cells were cultured in standard conditions 

(5% CO2 and 37o C). At passage 2, cells were seeded into collagen coated 12-well plates in BEGM 

medium and were grown to 70-80% confluence. Then, HBECs were challenged with HDM (20 A
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ug/mL; Greer) extract or heat inactivated-HDM (hi-HDM; 30 minutes at 65°C) in BEGM medium 

for 24 h, as previously described (28). Cells where then stimulated with Polyinosinic:polycytidylic acid 

(Poly(I:C); dsRNA)) for 3 or 24 h (Figure S1). The growth medium was then replaced with bronchial 

epithelial basal medium supplemented with 1 % insulin-transferrin-selenium (Gibco) and 1.2 % 

bovine serum albumin (Millepore).

In vitro TLR3, MDA5 and RIG-I stimulation
In this study, we used Polyinosinic:polycytidylic acid (Poly(I:C); dsRNA)) as a viral mimic. During 

replication, RV produces intermediate, dsRNA molecules that bind to TLR-3 within the endosomes 

or MDA5/RIG-I in the cytoplasm. RV-induced production of interferons and pro-inflammatory 

cytokines are mainly dependent on the dsRNA rather than the viral proteins, indicating that UV-

inactivated RV does not induce any response in epithelial cells (10). By using TLR-3 agonist Poly(I:C) 

high molecular weight (InvivoGen) (10 μg/mL) or the MDA5/RIG-I agonist Poly(I:C)-lyovec 

(InvivoGen) (0.25 μg/mL) we mimic RV infection with a lower variability in the cytokine response 

compared to a RV infection to obtain more standardized experiments. 

RNA extraction and mRNA analysis 

Total RNA was extracted from HBECs by using an RNA extraction kit (Nucleospin® RNA II, 

Macherey-Nagel) following commercial protocol. Briefly, 1 μg of RNA was reverse transcribed to 

cDNA (Precision Nanoscript 2 Reverse Transcription Kit, PrimerDesign) and real-time quantitative 

PCR was performed on a Mx3005P qPCR system (Stratagene) using standard cycling parameters. 

Primers were obtained from PrimerDesign and Qiagen (Supplementary Table S1). Samples were 

analyzed by the ΔCt method and normalized to UBC/GAPDH expression. 

Immunoblotting

Protein expression of NFκ-B p105, NFκB p65, IκB-α and GAPDH were quantified by western blot. 

Cells were lysed in a lysis buffer containing 1% TritonX-100, 10 mM Tris-HCl, 50 mM NaCl, 5 mM 

EDTA, 30 mM sodium pyrophosphate, 50 mM NaF, 0.1 mM Na3VO4 and protease and phosphatase 

inhibitors (Sigma-Aldrich). Protein concentrations were determined by BCA protein assay (Pierce 

Thermo Scientific) for each sample and equal amounts of protein were loaded on a 5-10% TGX 

stain-free gel (Bio-Rad Laboratories AB), before blotting on a Trans-Blot Turbo Transfer System A
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(Bio-Rad Laboratories AB). This was followed by blocking of the membrane in 5% BSA in Tris-

buffered (5% Tween-20) and overnight incubation at 4°C with primary antibodies from Cell Signaling 

Technology (anti- NFκ-B p105 Rabbit mAb, NFκ-B p65 Rabbit mAb, IκB-α Rabbit mAb, anti-

GAPDH Rabbit mAb). IκB-α were stripped for GAPDH with western blot stripping buffer 

(Thermo). Then, the membrane was washed and incubated for 1 h with secondary antibodies (anti-

Rabbit IgG HRP-linked Ab; Cell Signaling Technology). Detection was performed by 

chemiluminescence using Clarity MAX ECL substrate (Bio-Rad Laboratories AB), and immunoblots 

were visualized by LI-COR Odyssey Fc Imager (LI-COR Biosciences). 

ELISA

IL-8, TNF- and TSLP were measured in cell supernatants using DuoSet ELISA from R&D systems. 

β-defensin-2 was measured using ELISA-kit from Phoenix Pharmaceuticals Inc. All protocols were 

performed according to manufactures instructions and compared with a standard curve.

Statistics
Data are presented as median (interquartile range). Mann Whitney U-test was used for comparison 

between two groups. For comparison between more than two groups, Kruskal-Wallis with Dunn´s 

multiple comparisons test was performed. P-values of <0.05 were considered statistically significant. 

All statistical analyses were performed using GraphPad Prism version 9.0 software (GraphPad 

Software).

Results

HDM sensitization and exposure impairs Poly(I:C)-induced bronchial epithelial IFN-β 
expression in patients with asthma

We have previously shown that HDM exposure affects TLR-3-mediated induction of ΙFNs after 

Poly(I:C) stimulation HBEC from healthy individuals and in a mouse model of asthma exacerbation 

(28). Expanding these previous results, we have now included primary HBECs from asthmatic 

patients with (HDM +) or without (HDM –) sensitization to HDM (Table 1) to evaluate the 

combined effect of HDM sensitization and the viral mimic Poly(I:C) on IFN-β expression. 

Demographics and clinical characteristics of the study population are presented in (Table 1).   A
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Stimulation of HBECs with poly(I:C) alone increased IFN-β expression after 24 h stimulation 

whereas this was not the case for HDM or hi-HDM alone (Figure 1A). Further, pre-treatment with 

HDM resulted in a down-modulation of IFN-β gene expression in response to 24 h Poly(I:C)-

stimulation in both HDM+ and HDM- patients (Figure 1B). Strikingly, HDM + patients exhibited a 

diminished IFN-β expression in response to Poly(I:C) compared with HDM – patients at 24 h 

(p=0.011; Figure 1B). The same result was obtained when comparing HDM + patients with non-

atopic patients (negative sensitization to all allergens measured) (Figure S2A). However, no effect on 

Poly(I:C)-induced IFN-β expression was seen between atopic vs non-atopic patients, suggesting this 

effect was specific for HDM sensitization (Figure S2B).

Poly(I:C)-induced production of IL-8, TNF-⍺, and β-defensin-2 is impaired by HDM 

exposure in HBECs, independently of HDM sensitization

Next, we studied the role of HDM on the HBECs production of several cytokines and chemokines 

involved in anti-bacterial immunity after viral stimulation. IL-8 and TNF-, crucial molecules in the 

neutrophilic response against virus and bacteria, as well as the anti-microbial peptide β-defensin-2, 

were found increased in HBECs after 24 h Poly(I:C) stimulation both at gene (Figure 2A-C) and 

protein level (Figure 2D-F). HBECs anti-bacterial response to Poly(I:C) was clearly impaired after 24 

h pre-treatment with HDM, both at gene (Figures 2A-C) and protein levels (Figure 2D-F). A similar 

induction of IL-8, TNF-, and β-defensin-2 was found after 3 h Poly(I:C) stimulation, but HDM pre-

treatment had no effect at this early time point (Figure S3A-C). Of note, pre-treatment with hi-HDM 

did not affect the poly(I:C) induction of IL-8, TNF-, and β-defensin-2 at 24 h (Figure 2A-F), 

suggesting that HDM mediated effects are dependent on HDM-associated heat-sensitive components. 

Interestingly, the decreasing effect of HDM pre-treatment on HBECs anti-bacterial response to 24 h 

Poly(I:C) was similar in both HDM + and HDM – patients (Figure 2G-I). Moreover, the 24 h 

Poly(I:C)- induction of IL-8, TNF-, and β-defensin-2 in HBECs not exposed to HDM in vitro was 

not influenced by HDM sensitization, or atopy (Figure 2G-I, S2C-H).  We only observed a higher 

gene expression of IL-8 in HDM – compared with HDM + patients after 3 h of Poly(I:C) stimulation 

(Figure S3D-F).
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Poly(I:C)-induced production of TSLP in HBECs from patients with asthma is not modified 
by HDM exposures or HDM sensitization  

TSLP is an alarmin suggested to be involved in asthma exacerbations (9, 12). Hence, we wanted to 

study the effect of HDM on viral stimulus induced TSLP expression. Both 3 h gene expression (there 

was no poly(I:C)-induced TSLP at 24 hours) and 24 h protein expression of TSLP was increased after 

Poly (I:C) stimulation (Figure 3A, B). However, 24 h pre-treatment with HDM did not affect 

Poly(I:C)-induced TSLP expression neither in the overall study population (Figure 3A-B), nor after 

dividing the patients in HDM + and HDM – groups (Figure 3C). There was no difference in 

poly(I:C)-induced TSLP expression in HBECs between HDM+ vs HDM- patients (Figure 3C).

HDM mediated down-modulation of anti-viral and anti-bacterial defense is not dependent on 
PRR expression 

Rhinovirus infection, as well as the viral replication mimic Poly(I:C) (dsRNA) are TLR-3 agonists, but 

they also activate the cytosolic dsRNA sensors MDA-5 and RIG-I. A direct modification of these 

PRRs expression could be one potential explanation of the impaired anti-bacterial and anti-viral 

response in HDM-challenged HBECs. Therefore, we measured the expression of TLR-3, MDA-5 and 

RIG-I after 24 h Poly (I:C) stimulation in HBECs pre-treated with or without HDM or hi-HDM.

As expected, 24 h Poly(I:C) stimulation of HBECs increased gene expression of TLR3, MDA5 and 

RIG-I (Figure 4A-C). However, no effect of HDM or hi-HDM pre-treatment on the magnitude of 

induction for the three PRRs was observed (Figure 4A-C).

HDM mediated down-modulation of anti-viral and anti-bacterial defense occurs in a TLR-3 
dependent manner

To further study the involvement of MDA5 and RIG-I in the HDM-dependent down modulation of 

IFN-β and pro-inflammatory mediator expression after viral stimulation, we use Poly(I:C)-lyovec 

(MDA-5/RIG-I agonist) as an agonist for these receptors (32).

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

The MDA-5/RIG-I agonist Poly(I:C)-lyovec produced similar effects to Poly(I:C) on the expression of 

IL-8, TNF- and IFN-β in HBECs (Figure 5A-C). However, the expression of both pro-

inflammatory and anti-viral mediators was not changed with HDM pre-treatment, suggesting that the 

HDM-mediated decrease of these anti-viral and neutrophilic molecules is TLR-3 dependent (Figure 

5A-C).

Heat-sensitive components in HDM impair Poly(I:C) activation of NFκB

Since NFκB is one of the main transcription factors involved in the regulation of anti-bacterial and 

anti-viral responses of HBEC’s downstream of TLR-3 signaling, we wanted to investigate the 

interaction between Poly(I:C) and HDM in the context of NF-κB activation. Poly(I:C) stimulation 

alone, both increased phosphorylation of p105 and p65 NFκB family members and trended to 

decreased IκB- (negative regulator) expression (Figure 6A-D). Pre-treatment with HDM, on the 

other hand, decreased Poly(I:C)-induced phosphorylation of both p105 and p65. However, Hi-HDM 

did not affect Poly(I:C)-induced phosphorylation of p105 and p65 (Figure 6A-D). 

Discussion 
Using human bronchial epithelial cells from patients with asthma, this study demonstrated that in vitro 

exposure to HDM reduced Poly(I:C)-induced expression independently of HDM sensitization of 

airway anti-viral and anti-bacterial mediators IFN-β, TNF-, IL-8 and β-defensin-2. As further 

suggested by the present observations, NFκB may be causally involved in this reductive effect. We 

further demonstrated that HDM sensitization alone was associated with reduced responses to 

Poly(I:C), especially regarding HBECs expression of anti-viral IFN-β. In contrast, Poly(I:C)-induced 

release of an upstream T2 pathogenic cytokine, TSLP, from HBECs was not altered by the HDM 

exposure. The present data on innate immune responses of bronchial epithelium in asthma are of 

interest with regard to risk factors contributing to secondary airway infections following an initial 

rhinovirus infection. 

We have previously demonstrated that HDM impairs viral stimulus-induced production of IFN-β in a 

bronchial epithelial cell-line (BEAS2B) and HBEC from healthy individuals (28). In the present study, A
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we demonstrated that in vitro exposure to HDM of HBECs from patients with asthma resulted in a 

dampening of Poly(I:C)-induced IFN-β expression in both HDM+ and HDM– patients. However, 

HDM+ patients displayed a reduced Poly(I:C)-induced epithelial IFN-β expression compared to 

HDM– patients. Such a phenotype-dependent IFN-β response may prompt further research to 

potentially explain contradictory results regarding the deficient epithelial IFN-β expression after viral 

stimulation in different cohorts of patients with asthma (33). In line with our results, previous studies 

have shown that T2 cytokines added to HBECs cause a deficient IFN- response to viral stimulation 

(34). Indeed, the latter type of interactions have underpinned the idea that T2 inflammation facilitates 

asthma exacerbations through reducing resistance to viral infections (35). However, host’s-tolerance 

to T2 cytokines (e.g. IL-4, IL-13, TSLP), produced during viral infections, may be even more 

important in asthma exacerbations (9, 36),; for example, the pathogenic effects of TSLP, which is 

overproduced during viral infections (9), may suffice to contribute to asthma exacerbations (6, 11). In 

this study, we confirm viral stimulus-induced epithelial expression of TSLP (9). We further 

demonstrate that exposure to HDM inhibited Poly(I:C)-induced increased expression/release of 

several cytokines and that this occurred without reducing TSLP release, which is known to be 

regulated by several different transcription factors (37). 

Type I IFNs, prominently represented by IFN-β, is a cytokine family considered essential for early 

innate anti-viral defense of the respiratory tract (33). However, IFN-β also exhibits direct anti-

bacterial functions (38), which is in line with a focus of this study. We have thus analyzed gene 

expression and release of additional molecules that are induced by Poly(I:C) challenge of HBECs 

which are likely involved in airway anti-bacterial activity. Among them, β-defensin-2, which has 

attracted interest as an anti-microbial peptide with bactericidal properties (17). Differing from an anti-

microbial peptide such as cathelicidin, which has appeared in challenged asthmatic airways as a result 

of plasma exudation mechanisms (39), defensins are likely produced by bronchial epithelium in 

asthma (40). Baines et al reported that sputum defensin levels in asthma were independent of 

inflammatory phenotype (40). In line with this, we evidenced equal baseline and equal Poly(I:C)-

induced β-defensin-2 expression in HBECs from HDM + and HDM – patients. Also, the present 24 

h exposure to HDM inhibited the Poly(I:C)-induced defensin equally in HBECs from each phenotype 

where the gene expression and release of defensin were practically abolished, suggesting that 

participation of defensin in anti-bacterial defense can be severely compromised in asthmatic 
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individuals following exposure to HDM. In the same line, previous studies have shown that T2 

cytokines have a suppressive effect on NFκB mediated expression of β-defensins-2 (18).  

β-defensin-2 also works as an alarmin, promoting T cell and dendritic cell-mediated inflammation 

(41). Similarly, other molecules analyzed in this study, IL-8 and TNF-⍺, are pro-inflammatory 

mediators that can be both beneficial (anti-microbial defense) or pathogenic. They are major recruiters 

of neutrophils to airway mucosal tissue and surface (42, 43) supporting the role of these cells in the 

defence against invading microorganisms, but also facilitating overreactions (44). Although 

neutrophilic inflammation is suggested as a potential pathogenic factor, especially in severe asthma 

(45), this role still awaits confirmation by targeted drug treatment effects. Indeed, a balance towards a 

role in defense is suggested by interventions with anti-TNF-⍺ biologics that reduce neutrophils but 

have not produced the expected anti-inflammatory remedial effect in asthma, but rather increased 

susceptibility to infection (46). Here we demonstrate that a mere 24 h exposure of HBECs to HDM, 

independent of HDM sensitization, causes inhibition of viral stimulus-induced release of both IL-8 

and TNF-⍺, strikingly different from the unchanged release of TSLP. Although other molecules may 

be involved in attracting neutrophils to the airways, it is suggested that depression of viral induced 

TNF-⍺ and IL-8, caused by exposure of airway lining epithelium to HDM, contributes to increased 

risk of secondary bacterial infection upon a primary viral infection.

Expectedly, Poly(I:C) increased epithelial expression of major PRRs, including TLR-3, MDA5, and 

RIG-I. Supporting a key role of TLR-3 activation on IL-8 and TNF-α regulation.  A lower response 

on these mediators´ expression were observed after specific stimulation of the cytosolic receptors 

MDA5 and RIG-I with Poly(I:C)-lyovec. In addition, these effects were not affected by HDM 

exposure, suggesting that HDM-induced impairment of anti-viral and anti-bacteria mediator 

expression is in a TLR3 dependent manner. Although HDM challenge did not affect Poly(I:C)-

induced gene levels of TLR-3 (or MDA5 and RIG-I), it inhibited the activation of the downstream 

transcription factor NFκB. NFκB-signaling plays a key role in the anti-bacterial response (47). Mice 

with impaired NFκB-signaling have high susceptibility to bacterial lung infections due to decreased 

cytokine expression and defective neutrophil recruitment (48, 49). Several studies have indicated that 

NFκB inhibition increases risk of pneumonia (50, 51). 
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The present study has limitations. Our data concern a limited number of patients with HDM-

sensitized asthma. Although the same results were found when compare HDM+ to non-atopic 

asthma, and no effect was evidenced between atopic and non-atopic patients, we cannot exclude the 

possibility that other specific allergen sensitizations have an effect on the results. Further studies are 

thus warranted to confirm our findings and address their relevance to atopic asthma in general. The 

usage of Poly(I:C) as a viral mimic has been accepted to reflect physiological relevant pro-

inflammatory and anti-viral mediators during rhinovirus infections (9). Thus, our observations suggest 

the importance of investigating the effect of rhinovirus infection in patients with allergic asthma. 

Further, new studies are warranted to address the mechanism by which HDM blocks specific 

cytokines induced by Poly(I:C) while not affecting others.

In this study, we demonstrated that HDM exposure of HBECs from patients with asthma results in 

the reduction of IFN-β and several anti-microbial agents (β-defensin-2, TNF-⍺, and IL-8) in response 

to viral infection, but not TSLP. Moreover, anti-viral IFN- expression in response to Poly(I:C) was 

also reduced in patients with HDM sensitization compared to those not sensitized to HDM. If the 

anti-microbial effects, known to be induced by a primary viral infection, are subnormal, protection 

against ongoing infection as well as additional respiratory infections could be compromised. Hence, 

we suggest that both HDM sensitization and acute exposure to HDM contribute to reducing 

infection-evoked immune protection in asthma and thus increase the risk of symptomatic infections 

and exacerbations.
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Table
Table 1. Clinical and characteristics of study population

All HDM + HDM - p-value

N 20 7 13 -

Age years

(mean (range))
40.9 (20-73) 32.4 (20-60) 43.0 (23-73) n.s.

Sex (M/F) 8/12 2/5 5/8 n.s.

Allergic sensitization 

Atopy

(Yes/No)
12/8 7/0 5/8 0.0074

House dust mite 

(Yes/No)
7/13 7/0 0/13 <0.0001

A. alternata 

(Yes/No)
0/20 0/7 0/13 n.s.

C. herbarum 

(Yes/No)
0/20 0/7 0/13 n.s.

A. vulgaris  

(Yes/No)
4/16 2/5 2/11 n.s.

B. pendula  6/14 3/4 3/10 n.s.A
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(Yes/No)

P. pratense

(Yes/No)
8/12 5/2 3/10 0.0353

Cat 

(Yes/No)
7/13 5/2 2/11 0.0122

Dog 

(Yes/No)
7/13 3/4 4/9 n.s.

Horse 

(Yes/No)
2/18 1/6 1/12 n.s.

FEV1 

(% predicted)
90.0 (82.5-101.5) 86.0 (80.0-92.0) 94.0 (83.0-104.0) n.s.

FVC 

(% predicted)

100.5 (93.0-

116.5)

101.0 (88.0-

108.0)
100.0 (94.5-118.5) n.s.

FEV1/FVC 

(% predicted)
73.5 (70.2-78.2) 74.0 (68.0-76.0) 73.0 (70.5-79.5) n.s.

PD15 (mg)
130.4 (37.4-

206.3)
37.5 (27.9-125.7)

146.4 (104.9-

214.8)
0.0456

ACQ6 2.1 (1.7-2.7) 2.7 (1.7-3.5) 2.0 (1.6-2.6) n.s.

ICS dose 

(μg/day)
1200 (800-1600) 1200 (800-1600) 1000 (800-1600) n.s.

FeNO (ppb) 24.5 (13.4-46.4) 32.8 (17.2-62.1) 22.7 (10.6-35.7) n.s.

IgE (IU/mL) 47.0 (23.0-197.0)
110.0 (35.0-

271.0)
40.0 (15.5-189.5) n.s.

Blood 

Eosinophils 

(x109/L; abs)

0.30 (0.14-0.44) 0.32 (0.14-0.48) 0.26 (0.13-0.38) n.s.

Blood 

Neutrophils 

(x109/L; abs)

4.45 (2.65-5.65) 5.20 (4.50-6.1) 3.90 (2.40-4.75) n.s.

Sputum 

Eosinophils (%)
1.5 (0.37-16.5) 19.5 (4.3-21.6) 1.2 (0.16-7.2) 0.0339
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HDM, house dust mite; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; PD15, Dose of mannitol 

required to reduce the FEV1 by 15% of the baseline value; ACQ6, Asthma Control Questionnaire; ICS, inhaled 

corticosteroids; FeNO, fractional exhaled nitric oxide; n.s, not-significant

Data are presented as median value (Interquartile range), unless otherwise expressed. 

U-Mann Whitney test for continuous variables and chi squared test for categorical variables. 

Figure legends

Sputum 

Neutrophils (%)
46.5 (21.7-75.7) 63.5 (33.4-80.9) 45.9 (20.0-75.9) n.s.
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Figure 1. Bronchial epithelial cells from patients with asthma were exposed to HDM or heat 

inactivated (hi)-HDM (20μg/ml) for 24 h, then stimulated with the viral mimic Poly(I:C) (A). Cells 

were then divided into HDM negative (HDM-; n = 12-13) and HDM positive (HDM+; n = 6-7) (B). 

Gene expression of IFN- 24 h (A-B) after Poly(I:C). Samples were analysed by the ΔCt method and 

normalized to UBC/GAPDH expression. Data are presented as median (interquartile range). 

Figure 2: Bronchial epithelial cells from patients with asthma were exposed to HDM or heat 

inactivated (hi)-HDM (20μg/ml) for 24 h, then stimulated with the viral mimic (Poly(I:C)) (10μg/mL) 

for 24h. 24 h gene expression of IL-8 (A), TNF- (B), and -defensin-2 (C) after Poly(I:C) (n=20 

except hi-HDM n=16). Protein levels of IL-8 (D), TNF- (E) and -defensin-2 (F) 24 h after 

Poly(I:C) (n=7 except hi-HDM n=3). Cells were also divided into HDM negative (HDM-; n = 13) 

and HDM positive (HDM+; n = 7) cells (G-I) with 24 h gene expression of IL-8 (G), TNF- (H), 

and -defensin-2 (I). Samples were analyzed by the ΔCt method and normalized to UBC/GAPDH 

expression. Data are presented as median (interquartile range). 

Figure 3: Bronchial epithelial cells from patients with asthma were exposed to HDM or heat 

inactivated (hi)-HDM (20μg/ml) for 24 h, then stimulated with the viral mimic Poly(I:C) (10μg/mL) 

for 3h and 24h. Cells were then divided according to HDM negative (HDM-; n = 12) and HDM 

positive (HDM+; n = 7) patients. 3h gene expression of TSLP (A, C), 24 hours, protein expression of 

TSLP (B). n=20 except hi-HDM n=16 in (A, B). Samples were analyzed by the ΔCt method and 

normalized to UBC/GAPDH expression. Data are presented as median (interquartile range).  

Figure 4: Bronchial epithelial cells from patients with asthma were exposed to HDM or heat 

inactivated (hi)-HDM (20μg/ml) for 24 h, then stimulated with the viral mimic (Poly(I:C)) (10μg/mL) 

for 24h. Gene expression of (A) TLR3, (B) MDA5 (C) RIG-I at 24 hours after Poly(I:C). n=20 except 

hi-HDM n=16. Samples were analyzed by the ΔCt method and normalized to UBC/GAPDH 

expression Data are presented as median (interquartile range).  

Figure 5: Bronchial epithelial cells from patients with asthma were exposed to HDM or heat 

inactivated (hi)-HDM (20μg/ml) for 24 h, then stimulated with the viral mimic dsRNA-Lyovec for 

24h. Gene expression of (A) IL-8 and (B) TNF-⍺ n=6. Samples were analyzed by the ΔCt method 

and normalized to UBC/GAPDH expression. Data are presented as median (interquartile range).A
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Figure 6: Bronchial epithelial cells from patients with asthma were exposed to HDM or heat 

inactivated (hi)-HDM (20μg/ml) for 24 h, then stimulated with the viral mimic dsRNA (Poly(I:C) 
10μg/mL) for 24h (A) Immunoblot of NfκB p105, NFκB p65, IκB-α and GAPDH from primary cell 

lysate after 24 hours. Quantification of NfκB p105 (B), NFκB p65 (C), and IκB-α (D). n=6. Data are 

presented as median (interquartile range).  
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Supplement: 

 
 
Figure S1: Bronchial epithelial cells from 20 patients with asthma were exposed to HDM or heat 

inactivated (hi)-HDM (20μg/ml) for 24 h then stimulated with the viral mimic dsRNA 

(Poly(I:C)) (10μg/mL) for 24h. Samples were analyzed with ELISA and RT-qPCR for IL-8 and 

TNF-⍺, -defensin, TSLP and RT-qPCR for -defensin, IFN-. NFκB signaling proteins p105, 

p65 and IκB-⍺ were analyzed for western blot. 



 
 
 
 



Figure S2. Bronchial epithelial cells from patients with asthma were exposed to HDM (20μg/ml) 

for 24 h then stimulated with the viral mimic dsRNA. 24 h gene expression of (A-B) IFN-, (C-

D) IL-8, (E-F) TNF- and (G-H) -defensin-2, in primary cells from asthmatics after dsRNA 

stimulation. Cells were divided into non-atopic (n = 8) and HDM positive (HDM+; (n = 7) 

(A,C,E,G) or non-atopic (n = 8)  and atopic (n = 12) (B, D, F, H). Samples were analysed by the 

ΔCt method and normalized to UBC/GAPDH expression. Data are presented as median 

(interquartile range). 

 

 
 
 
Figure S3. Bronchial epithelial cells from patients with asthma were exposed to HDM or heat 

inactivated (hi)-HDM (20μg/ml) for 24 h then stimulated with the viral mimic dsRNA. 3 h gene 

expression of (A) IL-8, (B) TNF- and (C) -defensin, in primary cells from asthmatics after 

Poly(I:C). n=19 except hi-HDM n=17. Cells were also divided into HDM negative (HDM-; n = 

12) and HDM positive (HDM+; n = 7) cells for 3h in (D) IL-8 (E) TNF-, and (F) -defensin 

after Poly(I:C). Samples were analysed by the ΔCt method and normalized to UBC/GAPDH 

expression. Data are presented as median (interquartile range). 

 
 
 
 
 
 
 



Table S1. List of primers used in qPCR assays. 

Primer Provider Cat. No or sequence 

GAPDH/UBC 
Primer 
Design 

#Sequence proprietary  
 

IFN-ß  
Primer 
Design 

Sense: -TTACTTCATTAACAGACTTACAGGT 
Anti-sense: -TACATTAACAGTCAGTCACTTAAAC 

TSLP  
Primer 
Design 

Sense: -AATCCAGAGCCTAACCTTCAAT 
Anti-sense: -GTAGCATTTATCTGAGTTTCCGAATA 

IL-8 
Primer 
Design 

Sense: -CAGAGACAGCAGACACAC 
Anti-sense: -AGCTTGGAAGTCATGTTTACAC 

MDA5 
(IFIH1) 

Primer 
Design 

Sense: -GTCTCGTCACCAATGAAATAGC 
Anti-sense: -TTATACATCATCTTCTCTCGGAAATC 

RIG-I  
Primer 
Design 

Sense: -TTCTCTTGATGCGTCAGTGATA 
Anti-sense: -CCGTGATTCCACTTTCCTGAA 

TLR3  Primer design 
Sense: -GTGTGAAAGTATTGCCTGGTTTGT 
Anti-sense: -ATGATAGTGAGGTGGAGTGTTGC 

ß-defensin-2 Qiagen # HS_DEFB104A_1525469 

TNF- 
Primer 
Design 

Sense: -AGGTTCTCTTCCTCTCACATAC 
Anti-sense: -ATCATGCTTTCAGTGCTCATG 
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