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𝑳𝒐𝒈𝟏𝟎 𝑻𝑪𝑰𝑫𝟓𝟎 = L − [𝐝(𝐬 − 𝟎. 𝟓)] 

𝐿 = 𝐿𝑜𝑔10 𝑜𝑓 𝑡ℎ𝑒 ℎ𝑖𝑔ℎ𝑒𝑠𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑒. 𝑔. 𝐿𝑜𝑔10 𝑜𝑓 10−1 =  −1)

𝑑 = 𝐿𝑜𝑔10 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑠𝑡𝑒𝑝𝑠 (𝑒. 𝑔. 𝐿𝑜𝑔 10 𝑜𝑓 10𝑋 = 1)

𝑠 = 𝑠𝑢𝑚 𝑜𝑓 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑤𝑒𝑙𝑙𝑠  𝑎𝑡 𝑒𝑎𝑐ℎ 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑤𝑖𝑡ℎ 𝐶𝑃𝐸 > 50% 

(𝑒. 𝑔. 𝑓𝑜𝑟 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 𝑖𝑛 𝑞𝑢𝑎𝑑𝑟𝑢𝑝𝑙𝑖𝑐𝑎𝑡𝑒, 𝑠 = 𝑛𝑜. 𝑜𝑓 𝑤𝑒𝑙𝑙𝑠 𝑤𝑖𝑡ℎ 𝐶𝑃𝐸 > 50% ×  
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4
 )

𝑳𝒐𝒈𝟏𝟎 𝑻𝑪𝑰𝑫𝟓𝟎 = -1 − [𝟏(𝟑 − 𝟎. 𝟓)] 

𝑳𝒐𝒈𝟏𝟎 𝑻𝑪𝑰𝑫𝟓𝟎 = -3.5 

𝑻𝑪𝑰𝑫𝟓𝟎 𝒑𝒆𝒓 𝒘𝒆𝒍𝒍/𝟏𝟖𝟎𝝁𝒍 = 3162 

𝑻𝑪𝑰𝑫𝟓𝟎 𝒑𝒆𝒓 𝒎𝒍 = 17582
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Breakdown in epithelial 

barrier function in patients with asthma: identification of novel 

therapeutic approaches.

In vitro and ex vivo models of human asthma.

NHS choices - Asthma

Asthma basics

The Global Asthma Report 2014

Asthma Fact Sheet

ERS white book

Asthma facts and FAQs

National Review of Asthma Deaths (NRAD)

Asthma UK Data Portal

The mechanisms, diagnosis, and 

management of severe asthma in adults.

Asthma phenotypes today.

Immunobiology: The Immune 

System in Health and Disease

Allergy

The future of antigen-specific immunotherapy of allergy.

Remodeling in asthma.

Airway remodeling in asthma: new insights.

Remodeling and inflammation of bronchi in asthma and 

chronic obstructive pulmonary disease.
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Epithelial stress and structural remodelling in 

childhood asthma.

Airway remodeling contributes to the 

progressive loss of lung function in asthma: an overview.

Eosinophils from patients with blood eosinophilia 

express transforming growth factor beta 1.

Airway remodelling in asthma: role for mechanical 

forces.

Effect of bronchoconstriction on airway remodeling 

in asthma.

Clinical update on the use 

of biomarkers of airway inflammation in the management of asthma.

Human rhinoviruses.

Rhinoviruses, allergic 

inflammation, and asthma.

Analysis of the complete 

genome sequences of human rhinovirus.

ICAM-1 receptors and cold viruses.

Pathogenesis of rhinovirus infection.

Cadherin-related family member 3, a childhood 

asthma susceptibility gene product, mediates rhinovirus C binding and 

replication.

The contributions of 

allergic sensitization and respiratory pathogens to asthma inception.

Frequency, severity, and duration of rhinovirus 

infections in asthmatic and non-asthmatic individuals: a longitudinal 

cohort study.

Teenage asthma after severe early childhood 

wheezing: an 11-year prospective follow-up.

Early-life respiratory viral infections, atopic 

sensitization, and risk of subsequent development of persistent asthma.

Respiratory viruses and 

exacerbations of asthma in adults.

The relationship between upper respiratory 

infections and hospital admissions for asthma: a time-trend analysis.

Rhinovirus-16 colds in healthy and in asthmatic 

subjects: similar changes in upper and lower airways.



 

Rhinovirus-induced airway inflammation in asthma: 

effect of treatment with inhaled corticosteroids before and during 

experimental infection.

Understanding the mechanisms of viral induced 

asthma: new therapeutic directions.

Therapeutic novelties of inhaled corticosteroids 

and bronchodilators in asthma.

beta2-agonist therapy in lung disease.

Global strategy for asthma management and prevention

Corticosteroids: the drugs to beat.

Leukotriene receptor antagonists pranlukast 

and montelukast for treating asthma.

British guideline on the management of asthma

Airway remodelling in 

asthma and novel therapy.

Cluster analysis and clinical asthma phenotypes.

Identification of asthma phenotypes using cluster 

analysis in the Severe Asthma Research Program.

Asthma phenotypes: the evolution from clinical to 

molecular approaches.

Elucidating asthma phenotypes and 

endotypes: progress towards personalized medicine.

Clinical phenotypes of asthma.

Distinguishing severe asthma phenotypes: role of age 

at onset and eosinophilic inflammation.

Asthma: defining of the persistent adult phenotypes.

Inhaled steroids are associated with reduced lung 

function decline in subjects with asthma with elevated total IgE.

Pathological features and inhaled corticosteroid 

response of eosinophilic and non-eosinophilic asthma.

New strategies with anti-IgE in allergic diseases.

Omalizumab for asthma in adults and children.



A review of treatment with mepolizumab, an anti-IL-

5 mAb, in hypereosinophilic syndromes and asthma.

Clinical usefulness of mepolizumab in severe 

eosinophilic asthma.

Analysis of induced sputum in adults with asthma: 

identification of subgroup with isolated sputum neutrophilia and poor 

response to inhaled corticosteroids.

Non-eosinophilic asthma: importance and possible 

mechanisms.

The role of female sex hormones in the 

development and severity of allergic and non-allergic asthma.

Non-eosinophilic corticosteroid unresponsive asthma.

Glucocorticoid treatment inhibits apoptosis in human 

neutrophils. Separation of survival and activation outcomes.

An assessment of the effects of glucocorticoids on 

degranulation, chemotaxis, binding to vascular endothelium and 

formation of leukotriene B4 by purified human neutrophils.

Inhibition by dexamethasone of human neutrophil 

apoptosis in vitro.

Eosinophil apoptosis and the resolution of airway 

inflammation in asthma.

T-helper type 2-driven inflammation defines major 

subphenotypes of asthma.

Accumulation of intraepithelial mast cells with a 

unique protease phenotype in T(H)2-high asthma.

Anti-IL-4/-13 based therapy in asthma.

From phenotypes to endotypes to asthma treatment.

Genome-wide association 

studies in asthma: what they really told us about pathogenesis.

Genome-wide association studies of 

allergic diseases.

Thymic stromal lymphopoietin gene promoter 

polymorphisms are associated with susceptibility to bronchial asthma.

A large-scale, consortium-based genomewide 

association study of asthma.



 

Association between Polymorphism of Interleukin-1beta 

and Interleukin-1 Receptor Antagonist Gene and Asthma Risk: A Meta-

Analysis.

Human epithelial cells trigger dendritic cell mediated 

allergic inflammation by producing TSLP.

Thymic stromal lymphopoietin, OX40-ligand, 

and interleukin-25 in allergic responses.

Disease-associated functions of 

IL-33: the new kid in the IL-1 family.

Increased IL-33 expression by epithelial cells in 

bronchial asthma.

Thymic stromal lymphopoietin expression is increased in 

asthmatic airways and correlates with expression of Th2-attracting 

chemokines and disease severity.

Expression and cellular provenance of thymic stromal 

lymphopoietin and chemokines in patients with severe asthma and 

chronic obstructive pulmonary disease.

Imbalance production between interleukin-1beta (IL-

1beta) and IL-1 receptor antagonist (IL-1Ra) in bronchial asthma.

ORMDL3 is an inducible lung epithelial gene regulating 

metalloproteases, chemokines, OAS, and ATF6.

ORMDL3 Transgenic Mice Have Increased Airway 

Remodeling and Airway Responsiveness Characteristic of Asthma.

A genome-wide association study identifies CDHR3 

as a susceptibility locus for early childhood asthma with severe 

exacerbations.

Association of the ADAM33 gene with asthma 

and bronchial hyperresponsiveness.

Effect of variation in CHI3L1 on serum YKL-40 level, risk 

of asthma, and lung function.

PLAUR polymorphisms are associated with asthma, 

PLAUR levels, and lung function decline.

Genome-wide association analysis identifies PDE4D as 

an asthma-susceptibility gene.

Soluble ADAM33 initiates airway remodeling to 

promote susceptibility for allergic asthma in early life.

New Insights Into the 

Relationship Between Chitinase-3-Like-1 and Asthma.



Molecular Cell Biology

Epithelial function and 

dysfunction in asthma.

Tight junction-based epithelial microenvironment and 

cell proliferation.

Crosstalk of tight 

junction components with signaling pathways.

Barrier function of airway 

tract epithelium.

Desmosome structure, composition and 

function.

Structure and function 

of the polymeric mucins in airways mucus.

Liquid secretion properties of airway 

submucosal glands.

Vitamins and respiratory disease: antioxidant micronutrients 

in pulmonary health and disease.

Normal bronchial epithelial cells constitutively 

produce the anti-inflammatory cytokine interleukin-10, which is 

downregulated in cystic fibrosis.

Bronchial epithelial cell-derived prostaglandin E2 

dampens the reactivity of dendritic cells.

Airway responses towards 

allergens - from the airway epithelium to T cells.

The effect of conditioned medium from cultured 

human bronchial epithelial cells on eosinophil and neutrophil 

chemotaxis and adherence in vitro.

Promotion of eosinophil survival by human bronchial 

epithelial cells and its modulation by steroids.

Airway epithelial cells promote transmigration of 

eosinophils in a new three-dimensional chemotaxis model.

Stem cell factor mRNA expression and production in 

human nasal epithelial cells: contribution to the accumulation of mast 

cells in the nasal epithelium of allergy.

Human airway epithelial cell determinants of survival 

and functional phenotype for primary human mast cells.



 

Constitutive and inducible expression of b7 family of 

ligands by human airway epithelial cells.

Rhinovirus infection induces major histocompatibility 

complex class I and costimulatory molecule upregulation on respiratory 

epithelial cells.

Rhinovirus disrupts the barrier function of polarized 

airway epithelial cells.

Human rhinovirus infection enhances airway epithelial 

cell production of growth factors involved in airway remodeling.

Human rhinovirus infection up-regulates MMP-9 

production in airway epithelial cells via NF-{kappa}B.

Rhinovirus infection induces expression of airway 

remodelling factors in vitro and in vivo.

Rhinovirus-induced basic fibroblast growth factor 

release mediates airway remodeling features.

Fields Virology

Innate immunity to virus infection.

The interferon response circuit: 

induction and suppression by pathogenic viruses.

IFN-lambdas.

Defective epithelial barrier function in asthma.

Mild and moderate asthma is associated with 

airway goblet cell hyperplasia and abnormalities in mucin gene 

expression.

A comprehensive evaluation of the enzymatic and 

nonenzymatic antioxidant systems in childhood asthma.

Increased expression of the monocyte 

chemoattractant protein-1 in bronchial tissue from asthmatic subjects.

Inducible expression of a Th2-type CC chemokine 

thymus- and activation-regulated chemokine by human bronchial 

epithelial cells.

Epithelial eotaxin-2 and eotaxin-3 expression: 

relation to asthma severity, luminal eosinophilia and age at onset.

Impact of bronchial epithelium on dendritic cell 

migration and function: modulation by the bacterial motif KpOmpA.



IFN-gamma-induced protein 10 is a novel biomarker of 

rhinovirus-induced asthma exacerbations.

Intrinsic phenotypic differences of asthmatic 

epithelium and its inflammatory responses to respiratory syncytial virus 

and air pollution.

Notch2 is required for inflammatory cytokine-driven 

goblet cell metaplasia in the lung.

Identification by immunofluorescence of eosinophil 

granule major basic protein in lung tissues of patients with bronchial 

asthma.

Eosinophilic inflammation in asthma.

The role of the eosinophil in 

asthma.

Elevated levels of the eosinophil granule major basic 

protein in the sputum of patients with bronchial asthma.

The effect of purified human eosinophil major basic 

protein on mammalian ciliary activity.

Toxicity of eosinophil cationic proteins for guinea 

pig tracheal epithelium in vitro.

Polarized secretion of interleukin (IL)-6 and IL-8 by 

human airway epithelia 16HBE14o- cells in response to cationic 

polypeptide challenge.

Growth factors secreted by bronchial epithelial cells 

control myofibroblast proliferation: an in vitro co-culture model of 

airway remodeling in asthma.

Eosinophil-derived cationic proteins activate the 

synthesis of remodeling factors by airway epithelial cells.

Asthmatic bronchial epithelium is more susceptible 

to oxidant-induced apoptosis.

Barrier disrupting effects of alternaria alternata 

extract on bronchial epithelium from asthmatic donors.

Involvement of the epidermal growth factor 

receptor in epithelial repair in asthma.

Transforming growth factor-beta2 induces bronchial 

epithelial mucin expression in asthma.

Transforming growth factor-beta promotes rhinovirus 

replication in bronchial epithelial cells by suppressing the innate 

immune response.



 

Expression of endothelial and leukocyte adhesion 

molecules intercellular adhesion molecule-1, E-selectin, and vascular cell 

adhesion molecule-1 in the bronchial mucosa in steady-state and 

allergen-induced asthma.

Basal cells of differentiated bronchial epithelium are 

more susceptible to rhinovirus infection.

Interleukin-13–Induced Mucous 

Metaplasia Increases Susceptibility of Human Airway Epithelium to 

Rhinovirus Infection.

Asthmatic bronchial epithelial cells have a deficient 

innate immune response to infection with rhinovirus.

Role of deficient type III interferon-lambda production 

in asthma exacerbations.

Rhinovirus-16 Induced Release of IP-10 and IL-8 Is 

Augmented by Th2 Cytokines in a Pediatric Bronchial Epithelial Cell 

Model.

Double-stranded RNA induces disproportionate 

expression of thymic stromal lymphopoietin versus interferon-beta in 

bronchial epithelial cells from donors with asthma.

Asthmatic and normal respiratory epithelial cells 

respond differently to mechanical apical stress.

The attenuated fibroblast sheath of the respiratory 

tract epithelial-mesenchymal trophic unit.

Hepatocyte growth factor and other fibroblast 

secretions modulate the phenotype of human bronchial epithelial cells.

Bronchial epithelial cell growth 

regulation in fibroblast cocultures: the role of hepatocyte growth factor.

Expression and effects of IL-33 and ST2 in allergic 

bronchial asthma: IL-33 induces eotaxin production in lung fibroblasts.

IL-1alpha released from damaged epithelial cells is 

sufficient and essential to trigger inflammatory responses in human 

lung fibroblasts.

ANALYSIS OF THE EXPRESSION OF THYMIC STROMAL 

LYMPHOPOIETIN AND ITS VARIANTS IN CELLS OF THE ASTHMATIC 

AIRWAY Faculty of medicine

Evidence for a functional thymic stromal lymphopoietin 

signaling axis in fibrotic lung disease.

Interleukin-1alpha is the major alarmin of lung 

epithelial cells released during photodynamic therapy to induce 



inflammatory mediators in fibroblasts.

Interleukin-1alpha drives the dysfunctional cross-talk of 

the airway epithelium and lung fibroblasts in COPD.

Triggering the induction of myofibroblast and 

fibrogenesis by airway epithelial shedding.

Epithelial-derived TGF-beta2 modulates basal 

and wound-healing subepithelial matrix homeostasis.

Transforming growth factor-beta 1 induces 

alpha-smooth muscle actin expression in granulation tissue 

myofibroblasts and in quiescent and growing cultured fibroblasts.

Recent developments in myofibroblast biology: 

paradigms for connective tissue remodeling.

The role of the epithelium in airway remodeling in asthma.

Sputum metalloproteinase-9/tissue inhibitor of 

metalloproteinase-1 ratio correlates with airflow obstruction in asthma 

and chronic bronchitis.

Tissue inhibitor of metalloproteinase-1 levels in 

bronchoalveolar lavage fluid from asthmatic subjects.

Soluble membrane-type 1 matrix metalloproteinase 

(MT1-MMP) and gelatinase A (MMP-2) in induced sputum and 

bronchoalveolar lavage fluid of human bronchial asthma and 

bronchiectasis.

Transforming growth factor-beta 1 in asthma. 

Measurement in bronchoalveolar lavage fluid.

Basic fibroblast growth factor in asthma: 

measurement in bronchoalveolar lavage fluid basally and following 

allergen challenge.

Gene expression of vascular 

endothelial growth factor and its receptors and angiogenesis in 

bronchial asthma.

Expression of vascular 

endothelial growth factor, basic fibroblast growth factor, and 

angiogenin immunoreactivity in asthmatic airways and its relationship 

to angiogenesis.

Asthmatic airway epithelial cells differentially 

regulate fibroblast expression of extracellular matrix components.

Fibroblast-myofibroblast transition is differentially 

regulated by bronchial epithelial cells from asthmatic children.



 

Asthmatic bronchial fibroblasts demonstrate 

enhanced potential to differentiate into myofibroblasts in culture.

Utility of animal and in vivo experimental 

infection of humans with rhinoviruses in the development of therapeutic 

agents for viral exacerbations of asthma and chronic obstructive 

pulmonary disease.

Mouse models of rhinovirus-induced disease and 

exacerbation of allergic airway inflammation.

A rat model of picornavirus-induced airway 

infection and inflammation.

Characterization of human tracheal epithelial cells 

transformed by an origin-defective simian virus 40.

The air-liquid interface and use of primary cell 

cultures are important to recapitulate the transcriptional profile of in 

vivo airway epithelia.

A biphasic chamber system for 

maintaining polarity of differentiation of cultured respiratory tract 

epithelial cells.

Characteristics of a human 

diploid cell designated MRC-5.

George Otto Gey. (1899-1970). The HeLa cell and 

a reappraisal of its origin.

Tissue culture studies of the 

proliferative capacity of cervical carcinoma and normal epithelium.

Length-dependent recognition of double-stranded 

ribonucleic acids by retinoic acid-inducible gene-I and melanoma 

differentiation-associated gene 5.

Rhinoviral infection and asthma: 

the detection and management of rhinoviruses by airway epithelial cells.

The role of eosinophil major basic protein in 

angiogenesis.

Effects of the cationic protein 

poly-L-arginine on airway epithelial cells in vitro.

Interaction of 

eosinophil granule major basic protein with synthetic lipid bilayers: a 

mechanism for toxicity.

The interleukin-1 receptor family.

Rhinovirus infection induces expression of its 

own receptor intercellular adhesion molecule 1 (ICAM-1) via increased 

NF-kappaB-mediated transcription.

Spearman-Karber method. Bioassay.



The interleukin-1 family: 

back to the future.

Type I interferons (alpha/beta) in immunity 

and autoimmunity.

TGF beta signals through a heteromeric protein kinase 

receptor complex.

Molecular Biology of the Cell

A chemical method for fast and sensitive 

detection of DNA synthesis in vivo.

Click-iT EdU Imaging Kit manual.

CytoTox 96® Non-Radioactive Cytotoxicity Assay Protocol

ELISA Developement Guide

Biochemistry

Luminex®Screening Assay Product Data Sheet

xMAP® Technology

Literature - Meso Scale Discovery®

MSD® 96-Well MULTI-ARRAY® Human IFN-β Assay 

protocol

Rhinovirus-induced barrier dysfunction in 

polarized airway epithelial cells is mediated by NADPH oxidase 1.

The role of interleukin-1 and interleukin-18 in pro-

inflammatory and anti-viral responses to rhinovirus in primary 

bronchial epithelial cells.

IL-33-dependent type 2 inflammation during 

rhinovirus-induced asthma exacerbations in vivo.

T cell-mediated induction of thymic stromal 

lymphopoietin in differentiated human primary bronchial epithelial cells.

Airway epithelial cells activate TH2 cytokine 

production in mast cells through IL-1 and thymic stromal lymphopoietin.

http://www.promega.co.uk/resources/protocols/technical-bulletins/0/cytotox-96-non-radioactive-cytotoxicity-assay-protocol/
http://www.promega.co.uk/resources/protocols/technical-bulletins/0/cytotox-96-non-radioactive-cytotoxicity-assay-protocol/
http://www.rndsystems.com/resources/images/5670.pdf
http://www.rndsystems.com/pdf/LXSAH.pdf
http://www.luminexcorp.com/TechnologiesScience/xMAPTechnology/
http://www.mesoscale.com/CatalogSystemWeb/WebRoot/literature.aspx
http://www.mesoscale.com/CatalogSystemWeb/WebRoot/literature.aspx


 

Polyinosinic:polycytidylic acid induces protein kinase 

D-dependent disassembly of apical junctions and barrier dysfunction in 

airway epithelial cells.

Exogenous IFN-beta has antiviral and anti-

inflammatory properties in primary bronchial epithelial cells from 

asthmatic subjects exposed to rhinovirus.

Human monocytic cells direct the robust 

release of CXCL10 by bronchial epithelial cells during rhinovirus 

infection.

TH1/TH2 immune response in lung fibroblasts in 

interstitial lung disease.

Budesonide and fluticasone propionate differentially 

affect the airway epithelial barrier.

Nod-like receptor X-1 is required for rhinovirus-

induced barrier dysfunction in airway epithelial cells.

Human airway epithelial cells produce IP-10 

(CXCL10) in vitro and in vivo upon rhinovirus infection.

A novel electrospun biphasic scaffold provides 

optimal three-dimensional topography for in vitro co-culture of airway 

epithelial and fibroblast cells.

Immunocompetent 3D Model of Human Upper 

Airway for Disease Modeling and In Vitro Drug Evaluation.

Acute morphological and toxicological effects in a human 

bronchial coculture model after sulfur mustard exposure.

Long-term cultures of polarized airway epithelial 

cells from patients with cystic fibrosis.

Differentiation of human airway epithelia is 

dependent on erbB2.

The innate antiviral response upregulates 

IL-13 receptor alpha2 in bronchial fibroblasts.

Contribution of bronchial fibroblasts to the antiviral 

response in asthma.

Influenza induces IL-8 and GM-CSF secretion by human 

alveolar epithelial cells through HGF/c-Met and TGF-alpha/EGFR 

signaling.

Regulation of pulmonary inflammation by 

mesenchymal cells.

Mouse and human lung fibroblasts regulate 

dendritic cell trafficking, airway inflammation, and fibrosis through 

integrin alphavbeta8-mediated activation of TGF-beta.



Identification of calcium-activated neutral protease 

as a processing enzyme of human interleukin 1 alpha.

Identification of a key pathway required for the sterile 

inflammatory response triggered by dying cells.

Sterile inflammation: sensing and reacting to 

damage.

Immunological and inflammatory functions of the 

interleukin-1 family.

The Effect of Rhinovirus 16 on Human Bronchial Barrier 

Integrity and Mucosal IL-6 Responses. Faculty of Medicine

Interleukin-1alpha controls allergic sensitization to 

inhaled house dust mite via the epithelial release of GM-CSF and IL-33.

Human rhinovirus infection 

induces airway epithelial cell production of human beta-defensin 2 both 

in vitro and in vivo.

Rhinovirus-induced IL-1beta release from bronchial 

epithelial cells is independent of functional P2X7.

Identification of a nuclear localization sequence 

within the structure of the human interleukin-1 alpha precursor.

The precursor form of IL-1alpha is an intracrine 

proinflammatory activator of transcription.

TLR3 activation evokes IL-6 

secretion, autocrine regulation of Stat3 signaling and TLR2 expression 

in human bronchial epithelial cells.

Extracellular regulation of interleukin (IL)-1beta 

through lung epithelial cells and defective IL-1 type II receptor 

expression.

Regulation of interleukin-1beta and interleukin-1beta 

inhibitor release by human airway epithelial cells.

Virus binding to a plasma membrane receptor 

triggers interleukin-1 alpha-mediated proinflammatory macrophage 

response in vivo.

Phenotypic features of alveolar 

monocytes/macrophages and IL-8 gene activation by IL-1 and TNF-alpha 

in asthmatic patients.

Cutting edge: The ST2 ligand IL-33 potently 

activates and drives maturation of human mast cells.



 

Airway epithelial cells activate T(H)2 cytokine 

production in mast cells through IL-1 and thymic stromal lymphopoietin.

Histochemical characteristics and degranulation of mast 

cells in epithelium and lamina propria of bronchial biopsies from 

asthmatic and normal subjects.

The role of the mast cell in the 

pathophysiology of asthma.

Neutrophils and asthma.

Systematic review and economic analysis of the 

comparative effectiveness of different inhaled corticosteroids and their 

usage with long-acting beta2 agonists for the treatment of chronic 

asthma in adults and children aged 12 years and over.

Anakinra for rheumatoid arthritis: a 

systematic review.

Treating inflammation by blocking 

interleukin-1 in humans.

IL-1 receptor antagonist reduces endotoxin-

induced airway inflammation in healthy volunteers.

Cytokine profiles, signalling pathways and effects of 

fluticasone propionate in respiratory syncytial virus-infected human 

foetal lung fibroblasts.

Combination therapy: 

Synergistic suppression of virus-induced chemokines in airway epithelial 

cells.

Increased circulating 92 kDa matrix metalloproteinase 

(MMP-9) activity in exacerbations of asthma.

Vascular endothelial growth factor-mediated induction 

of angiogenesis by human rhinoviruses.

Clinical significance of plasma and serum vascular 

endothelial growth factor in asthma.

Transforming growth factor-beta expression induced by 

rhinovirus infection in respiratory epithelial cells.

Modulation of the epithelial inflammatory response 

to rhinovirus in an atopic environment.

Matrix metalloproteinase-2 from bronchial epithelial cells 

induces the proliferation of subepithelial fibroblasts.

Impact Assessment of Cigarette Smoke Exposure 

on Organotypic Bronchial Epithelial Tissue Cultures: A Comparison of 

Mono-Culture and Coculture Model Containing Fibroblasts.



Matrix metalloproteinase-2 (MMP-2) and 

MMP-9 in pulmonary pathology.

Proangiogenic activity in bronchoalveolar lavage 

fluid from patients with asthma.

Bronchial epithelial cell matrix production in response 

to silica and basic fibroblast growth factor.

VEGF induces airway epithelial cell proliferation in 

human fetal lung in vitro.

Vascular endothelial growth factor drives 

autocrine epithelial cell proliferation and survival in chronic 

rhinosinusitis with nasal polyposis.

Matrix metalloprotease-9 induces transforming 

growth factor-beta(1) production in airway epithelium via activation of 

epidermal growth factor receptors.

Matrix metalloproteinases: they're not 

just for matrix anymore!

Double-stranded RNA poly(I:C) enhances matrix 

metalloproteinase mRNA expression in human nasal polyp epithelial 

cells.

Interleukin-1alpha-dependent regulation of matrix 

metalloproteinase-9(MMP-9) secretion and activation in the epithelial 

cells of odontogenic jaw cysts.

Interleukin-1alpha enhances type I collagen-induced 

activation of matrix metalloproteinase-2 in odontogenic keratocyst 

fibroblasts.

Modulatory effect of interleukin-1alpha on 

expression of structural matrix proteins, MMPs and TIMPs in human 

cardiac myofibroblasts: role of p38 MAP kinase.

Downregulation of matrix metalloproteinase-2 in corneal 

fibroblasts by interleukin-1 receptor antagonist released from corneal 

epithelial cells.

Interleukin-1alpha, 6 regulate the secretion of vascular 

endothelial growth factor A, C in pancreatic cancer.

Effects of interleukin-1alpha on the production and 

release of basic fibroblast growth factor in cultured nifedipine-reactive 

gingival fibroblasts.

Cyclooxygenase-2-derived prostaglandin E2 is involved 

in vascular endothelial growth factor production in interleukin-1alpha-

stimulated human periodontal ligament cells.

Fibroblasts isolated from normal lungs and those 

with idiopathic pulmonary fibrosis differ in interleukin-6/gp130-



 

mediated cell signaling and proliferation.

The CC chemokine ligand 2 (CCL2) mediates fibroblast 

survival through IL-6.

Chemokine release from human rhinovirus-infected 

airway epithelial cells promotes fibroblast migration.

Role of IGF-1 pathway in lung fibroblast activation.

Cell cycle arrest by transforming growth factor beta1 

enhances replication of respiratory syncytial virus in lung epithelial 

cells.

Influenza viral neuraminidase primes bacterial coinfection 

through TGF-beta-mediated expression of host cell receptors.

Measurement of active TGF-

beta generated by cultured cells.

Latent transforming growth factor-beta from 

human platelets. A high molecular weight complex containing precursor 

sequences.

The integrin alpha v beta 6 binds and activates 

latent TGF beta 1: a mechanism for regulating pulmonary inflammation 

and fibrosis.

The contribution of 

transforming growth factor-beta and epidermal growth factor signalling 

to airway remodelling in chronic asthma.

Making sense of latent TGFbeta 

activation.

Integrins and the activation of latent 

transforming growth factor beta1 - an intimate relationship.

Cell surface-localized matrix 

metalloproteinase-9 proteolytically activates TGF-beta and promotes 

tumor invasion and angiogenesis.

Transforming growth factor-beta 1-induced 

activation of the ERK pathway/activator protein-1 in human lung 

fibroblasts requires the autocrine induction of basic fibroblast growth 

factor.

PPARgamma agonists inhibit TGF-beta induced 

pulmonary myofibroblast differentiation and collagen production: 

implications for therapy of lung fibrosis.

Smad3 mediates TGF-beta1 induction of VEGF 

production in lung fibroblasts.

Gene expression profiles during in vivo human 

rhinovirus infection: insights into the host response.



Eosinophils and mast cells in bronchoalveolar 

lavage in subjects with mild asthma. Relationship to bronchial 

hyperreactivity.

Poly-L-arginine predominantly increases the 

paracellular permeability of hydrophilic macromolecules across rabbit 

nasal epithelium in vitro.

Poly-L-arginine enhances paracellular permeability via 

serine/threonine phosphorylation of ZO-1 and tyrosine 

dephosphorylation of occludin in rabbit nasal epithelium.

Cationic proteins increase the permeability of 

cultured rabbit tracheal epithelial cells: modification by heparin and 

extracellular calcium.

Eosinophil-fibroblast interactions. Granule major 

basic protein interacts with IL-1 and transforming growth factor-beta in 

the stimulation of lung fibroblast IL-6-type cytokine production.

Selective inflammatory response 

induced by intratracheal and intravenous administration of poly-L-

arginine in guinea pig lungs.

Peptide-based analysis of amino acid sequences 

important to the biological activity of eosinophil granule major basic 

protein.

The effect of eosinophils on collagen gel contraction and 

implications for tissue remodelling.

Leukotriene D4 induces production of transforming 

growth factor-beta1 by eosinophils.

Anti-IL-5 treatment reduces deposition of ECM 

proteins in the bronchial subepithelial basement membrane of mild 

atopic asthmatics.

Intranasal heparin reduces eosinophil recruitment 

after nasal allergen challenge in patients with allergic rhinitis.

Anti-Inflammatory Effects of Heparin and Its 

Derivatives: A Systematic Review.

Interleukin 6-receptor expression on human 

bronchial epithelial cells: regulation by IL-1 and IL-6.

Epithelial-mesenchymal transition in the pathophysiology 

of airway remodelling in asthma.

Human lung fibroblasts may modulate dendritic cell 

phenotype and function: results from a pilot in vitro study.



 

House dust mite allergen induces asthma via Toll-

like receptor 4 triggering of airway structural cells.

Induction of TARC production by lipopolysaccharide 

and interleukin-4 in nasal fibroblasts.

Combined stimulation with Poly(I:C), TNF-alpha and 

Th2 cytokines induces TARC production by human fibroblasts from the 

nose, bronchioles and lungs.

Increased T-cell survival by structural bronchial 

cells derived from asthmatic subjects cultured in an engineered human 

mucosa.

Lung epithelial H292 cells induce differentiation of 

immature human HMC-1 mast cells by interleukin-6 and stem cell 

factor.

Selective growth of human mast cells induced by Steel 

factor, IL-6, and prostaglandin E2 from cord blood mononuclear cells.

Granulocyte macrophage colony-stimulating factor is 

the main cytokine enhancing survival of eosinophils in asthmatic 

airways.

Epithelial damage and response.

Cellular mechanisms underlying eosinophilic and 

neutrophilic airway inflammation in asthma.

Regulation of TH17 cell differentiation 

by innate immune signals.

Differentiation and functional analysis of human 

T(H)17 cells.

Airway epithelium stimulates smooth muscle 

proliferation.

Differential effects of extracellular 

matrix proteins on human airway smooth muscle cell proliferation and 

phenotype.

Small airway-on-a-chip enables analysis of human 

lung inflammation and drug responses in vitro.

Reconstituting organ-level lung functions on a chip.

Lung epithelial barrier 

function and wound healing are decreased by IL-4 and IL-13 and 

enhanced by IFN-gamma.

IL-13 alters mucociliary differentiation and ciliary 

beating of human respiratory epithelial cells.



Mechanical stress is communicated between 

different cell types to elicit matrix remodeling.

Mechanotransduction through growth-factor 

shedding into the extracellular space.

Extracellular matrix 

remodeling by dynamic strain in a three-dimensional tissue-engineered 

human airway wall model.

Effects of respiratory syncytial virus infection and 

major basic protein derived from eosinophils in pulmonary alveolar 

epithelial cells (A549).

Airway remodelling in COPD: It's not asthma!

Differences in airway remodeling between 

asthma and chronic obstructive pulmonary disease.

The neutrophil in chronic obstructive 

pulmonary disease.

Effects of human neutrophil elastase and 

Pseudomonas aeruginosa proteinases on human respiratory epithelium.

LTB(4)-induced nasal gland serous cell secretion 

mediated by neutrophil elastase.

Repair and Remodeling of airway epithelium 

after injury in Chronic Obstructive Pulmonary Disease.

Abnormalities in airway epithelial junction formation 

in chronic obstructive pulmonary disease.

Lung fibroblasts from patients with emphysema 

show markers of senescence in vitro.

Current concepts: host-pathogen interactions in cystic 

fibrosis airways disease.

Digging through the Obstruction: 

Insight into the Epithelial Cell Response to Respiratory Virus Infection in 

Patients with Cystic Fibrosis.

Airway remodelling and its relationship to 

inflammation in cystic fibrosis.

Cystic fibrosis lung disease starts in the small 

airways: can we treat it more effectively?

Infantile respiratory syncytial virus and 

human rhinovirus infections: respective role in inception and persistence 

of wheezing.

Interleukin-1 alpha mediates the enhanced expression 

of intercellular adhesion molecule-1 in pulmonary epithelial cells 



 

infected with respiratory syncytial virus.

Autocrine regulation of interleukin-8 by interleukin-

1alpha in respiratory syncytial virus-infected pulmonary epithelial cells 

in vitro.

Activation of vascular 

endothelial cells by IL-1alpha released by epithelial cells infected with 

respiratory syncytial virus.

Respiratory syncytial virus F and G proteins 

induce interleukin 1alpha, CC, and CXC chemokine responses by normal 

human bronchoepithelial cells.

In vitro modeling of respiratory syncytial virus 

infection of pediatric bronchial epithelium, the primary target of 

infection in vivo.

Effect of co-culturing human primary basic fibroblasts 

with respiratory syncytial virus-infected 16-HBE cells.

Interleukin-1alpha released from epithelial cells after 

adenovirus type 37 infection activates intercellular adhesion molecule 1 

expression on human vascular endothelial cells.

Pattern recognition receptors TLR4 and CD14 

mediate response to respiratory syncytial virus.

Pseudomonas aeruginosa Induced Airway 

Epithelial Injury Drives Fibroblast Activation: A Mechanism in Chronic 

Lung Allograft Dysfunction.

Impact of Pseudomonas 

aeruginosa quorum sensing on cellular wound healing responses in 

vitro.

Putting on the brakes: Bacterial impediment of 

wound healing.

Flagellin of Pseudomonas 

aeruginosa induces transforming growth factor beta 1 expression in 

normal bronchial epithelial cells through mitogen activated protein 

kinase cascades.

Novel therapeutic 

approaches for pulmonary fibrosis.

Molecular targets in pulmonary 

fibrosis: the myofibroblast in focus.

The anti-fibrotic effect of inhibition of TGFbeta-

ALK5 signalling in experimental pulmonary fibrosis in mice is 

attenuated in the presence of concurrent gamma-herpesvirus infection.

Phase I study of GC1008 (fresolimumab): a human 

anti-transforming growth factor-beta (TGFbeta) monoclonal antibody in 

patients with advanced malignant melanoma or renal cell carcinoma.
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 IL-6 (ng/ml) CXCL8 (ng/ml) 

 Apical Basolateral Apical Basolateral 

 Fibroblast Epithelial Fibroblast Epithelial Fibroblast Epithelial Fibroblast Epithelial 

control 0.4±0.4 0.4±0.2 0.7±0.7 0.6±0.3 0.3±0.2 0.8±0.2 0.3±0.1 1.4±0.3 

dsRNA 0.6±0.6 6.1±3.7 0.9±0.8 1.9±1.1 0.5±0.4 5.3±0.8 0.4±0.2 2.6±0.2 

IL-1α 49.8±42.4 0.4±0.2 72.5±58.8 0.7±0.3 146.6±113.7 1.1±0.2 137.1±125.6 1.7±0.4 
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Experiment Study Pt ID Non-
asthmatic 
(NA)/severe 
asthmatic (SA) 

Sex Age Ethnicity Height Weight Fev1 Fev1 
% 

Fvc Fvc% Atopy Smoker Meds 

Primary co-
culture vs. ALI 
monoculture 

GORD GA1-006 NA M 42  183cm 96kg 5.25 126.2 6.58 128.8 Y 
Grass 

Never None 

Co-culture 
HRV16 &IL-
1Ra  

GORD GA1-001 NA F 59  177cm 68.2kg 3.54 121.2 4.55 133.1 N 0.6pkyr Levothyroxine 

GORD GA1-006 NA M 42  183cm 96kg 5.25 126.2 6.58 128.8 Y 
Grass 

Never None 

Cross sectional 
study Interleukin-17 
(IL17) in asthma 

IL17HC17TH NA M 34 white 178.5cm 63.2kg 4.7  5.7  N Never None 

ALI freeze 
thaw exp. 

GORD GA1-006 NA M 42  183cm 96kg 5.25 126.2 6.58 128.8 Y 
Grass 

Never None 

Cross sectional 
study Interleukin-17 
(IL17) in asthma 

IL17HC17TH NA M 34 white 178.5cm 63.2kg 4.7  5.7  N Never None 

Cross sectional 
study Interleukin-17 
(IL17) in asthma 

IL17HC39KC NA F 46 white 165 88.8 2.5  3.25  N Former 
0.5pkyr  

 

COPD MAP SOTON-
EV189 

NA F 61         Non-
smoker 

 

COPD MAP SOTON-
EV206 

NA             

Non-asthmatic 
compared to 
asthmatic 

GORD GA1-006 NA M 42  183cm 96kg 5.25 126.2 6.58 128.8 Y 
Grass 

Never  

Cross sectional 
study Interleukin-17 
(IL17) in asthma 

IL17HC17TH NA M 34 white 178.5cm 63.2kg 4.7  5.7  N Never  

Cross sectional 
study Interleukin-17 
(IL17) in asthma 

IL17HC39KC NA F 46 white 165 88.8 2.5  3.25  N Former 
0.5pkyr  

 

COPD MAP SOTON-
EV189 

NA F 61         Non-
smoker 

 

COPD MAP SOTON-
EV206 

NA             



 

GORD GA3-003 SA F 65  155cm 106kg 1.96 103.5 2.52 110.4 N Never Symbicort,Terbutaline,Citalopram,Co-
amilofruse,Domperidone,Montelukast,Ranitidine 

Cross sectional 
study Interleukin-17 
(IL17) in asthma 

L17SA19KG SA F 41 white 156.0 
 

125.4 
 

2.5 
 

96.5 
 

2.9 
 

 N Never Salbutamol inh, Tiotropium resipmat 2.5 ii, qvar 4 bd, 
fluoxetine 40mg, atimos 12mcg bd, mometasone nasal ii 
bd, montelukast 10mg od, clarithromycin 500mg od 
 

Pathophysiology of 
airway diseases 
such as asthma and 
COPD 
 
 
 

DS157 SA F 66    0.8 33.2   N Never  

Pathophysiology of 
airway diseases 
such as asthma and 
COPD 
 

DS174 SA M 33  174 71       Inhaled corticosteroid,  LABA, antileukotriene, 
antihistamine 
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ABSTRACT
The bronchial epithelium and underlying fibroblasts form an epithelial mesenchymal trophic unit (EMTU)
which controls the airway microenvironment. We hypothesized that cell-cell communication within the
EMTU propagates and amplifies the innate immune response to respiratory viral infections.

EMTU co-culture models incorporating polarized (16HBE14o-) or differentiated primary human
bronchial epithelial cells (HBECs) and fibroblasts were challenged with double-stranded RNA (dsRNA) or
rhinovirus.

In the polarized EMTU model, dsRNA affected ionic but not macromolecular permeability or cell
viability. Compared with epithelial monocultures, dsRNA-stimulated pro-inflammatory mediator
release was synergistically enhanced in the basolateral compartment of the EMTU model, with the
exception of IL-1a which was unaffected by the presence of fibroblasts. Blockade of IL-1 signaling
with IL-1 receptor antagonist (IL-1Ra) completely abrogated dsRNA-induced basolateral release of
mediators except CXCL10. Fibroblasts were the main responders to epithelial-derived IL-1 since
exogenous IL-1a induced pro-inflammatory mediator release from fibroblast but not epithelial
monocultures. Our findings were confirmed in a differentiated EMTU model where rhinovirus
infection of primary HBECs and fibroblasts resulted in synergistic induction of basolateral IL-6 that
was significantly abrogated by IL-1Ra. This study provides the first direct evidence of integrated IL-1
signaling within the EMTU to propagate inflammatory responses to viral infection.

KEYWORDS
cross-talk; epithelial cells;
fibroblasts; in vitro models of
the airway; viral infection

Introduction

The structural cells of the conducting airways control the
tissue microenvironment and are critical in the mainte-
nance of homeostasis. Central to this is the bronchial epi-
thelium which forms a protective barrier against the
external environment, with functions including secretion
of a protective layer of mucus, control of paracellular per-
meability and production of immunomodulatory growth
factors and cytokines.1 Below the epithelium, the attenu-
ated fibroblast sheath directs immune responses and it
has been proposed that these cells work together as an
epithelial mesenchymal-trophic unit (EMTU) to co-ordi-
nate appropriate responses to environmental stimuli.2

Evidence of cellular cross-talk has already been
demonstrated in simple experiments using epithelial-
derived conditioned media or in epithelial-fibroblast
co-cultures where fibroblasts respond to epithelial-
derived signals to drive inflammatory or remodelling
responses. For example, conditioned media from
human bronchial epithelial cells (HBECs) subjected to
endoplasmic reticulum stress can cause proinflamma-
tory mediator release from human lung fibroblasts
(HLFs) via a mechanism involving the alarmin,
IL-1a.3 In other studies, scrape-wounding of HBECs
induced a-smooth muscle actin expression in fibro-
blasts in a co-culture model via TGFb.4 While several
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studies have examined cross-talk in response to chem-
ical or mechanical damage to the epithelium, none
have examined the effects of human rhinovirus
(HRV) infection of the epithelium on the EMTU.

HRV infects the upper airways and causes symp-
toms of the common cold in healthy adults but in
chronic respiratory diseases such as asthma and
chronic obstructive pulmonary disease (COPD) it is a
major cause of viral-induced exacerbations, causing
increased lower respiratory tract symptoms.5,6 The
bronchial epithelium is the major target for HRV
infection and replication in chronic airways disease.7

Following in vitro stimulation of either monolayer or
fully differentiated HBECs with HRV or pathogen
associated molecular patterns (PAMPs), such as dou-
ble stranded RNA (dsRNA), increases in ionic perme-
ability7,8 and release of proinflammatory mediators
are observed.6,7,9,10 A critical role for some of these
epithelial-derived mediators on immune cell activa-
tion has been demonstrated following incubation of
immune cells with epithelial conditioned medium
from virus or dsRNA-treated cultures. For example,
HRV-dependent epithelial IL-33 causes Th2 cytokine
release from T cells and group 2 innate lymphoid
cells,11 while dsRNA-dependent epithelial-derived
thymic stromal lymphopoietin promotes CCL17 pro-
duction from monocyte-derived dendritic cells12 and
Th2 cytokine release from mast cells.13 HRV also
induces HBECs to release growth factors such as
amphiregulin, activin A, and vascular endothelial
growth factor (VEGF);14-16 such conditioned medium
can result in VEGF-dependent angiogenesis in endo-
thelial cells14 and basic fibroblast growth factor-
dependent proliferation of fibroblasts.16

A key feature of the epithelial barrier is its polarized
structure due to the expression of tight junction pro-
teins, leading to the vectorial release of mediators.
This not only allows establishment of chemotactic gra-
dients, required for immune cell recruitment and
retention, but also controls signaling to underlying
fibroblasts which orchestrate responses within the
local tissue microenvironment. Here we investigated,
for the first time, the integrated responses to HRV
infection of the epithelial barrier in co-culture with
fibroblasts. Within this system, the polarized epithe-
lium ensured apical delivery to the epithelium of HRV
(or dsRNA), as occurs in vivo, and enabled direct
assessment of vectorial cytokine signaling. We report
that challenge of polarized HBECs with dsRNA results

in enhanced release of fibroblast-derived proinflam-
matory mediators in the EMTU model. Furthermore,
blockade of IL-1 signaling revealed a key role for baso-
lateral IL-1a release in mediating epithelial-fibroblast
cross-talk. These observations of direct epithelial-mes-
enchymal signaling via IL-1a were confirmed utilizing
fully differentiated primary HBECs infected with
HRV and in co-culture with fibroblasts.

Materials and methods

A full description of the methods can be found in the
online supplement.

Cell culture

The human bronchial epithelial (16HBE14o¡) and
fibroblast (MRC5) cell lines used in this study were a
gift from Professor D. C. Grunert (San Francisco,
USA) and from the European Collection of Authenti-
cated Cell Cultures (ECACC) respectively. Normal
primary HBECs were obtained by epithelial brushing
using fiberoptic bronchoscopy. All procedures were
approved by the Southampton and South West
Hampshire Research Ethics Committee (Rec codes
13/SC/0182, 09/H0504/109 and 10/H0504/2) and
were undertaken following written informed consent.

Establishment and challenge of the EMTU co-culture
models

For the polarized EMTU model, fibroblasts (MRC5)
were seeded onto the basolateral surface of an inverted
Transwell� insert and incubated for 2h at 37�C before
the addition of 16HBE cells into the apical compart-
ment. Co-cultures were placed into 24-well plates con-
taining 16HBE medium and cultured for 5 d. On day
6, cultures were challenged apically with 1 mg/ml syn-
thetic dsRNA (polyinosinic:polycytidylic acid (poly(I:
C)); Invivogen); this concentration had minimal
effects on cell viability (Fig. S1A-C). Where required,
16HBE or MRC5 monocultures were similarly treated.

For the primary differentiated EMTU co-culture
model, fibroblasts (MRC5) were seeded onto the
basolateral surface of inverted Transwell�inserts
containing primary fully differentiated air-liquid
interface (ALI) (21 day) cultures as previously
described.17 The primary EMTU models were
infected apically with HRV16 for 6h at 33�C, then
the apical surface was washed (3X, HBSS) before
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culturing at 37�C. Twenty four hours post-infection
the apical secretions (200 ml) were harvested by
washing with HBSS and the basolateral (500 ml)
supernatants collected. Controls of UV-irradiated
HRV16 (1200mJ/cm2 on ice for 50min) were
included in all experiments. The viral titer of cell-
free supernatants was determined by TCID50

assay.18,19

For IL-1 blocking experiments, cultures were pre-
incubated with IL-1 receptor antagonist (IL-1Ra;
500ng/ml, R&D systems) apically and/or basolaterally
for 1h prior to challenge.

MRC5 and 16HBE monocultures were challenged
with human recombinant IL-1a (Miltenyi Biotec,) api-
cally (10 ng/ml) and basolaterally (1 ng/ml).

Epithelial permeability

Ionic permeability was measured as transepithelial elec-
trical resistance (TER) using chopstick electrodes with an
EVOM voltohmeter (World Precision Instruments,
Aston, UK). Data are expressed as ohms.cm2 and have
been corrected for the resistance of an empty Transwell�.
Macromolecular permeability was measured 3 and
21 hours after dsRNA challenge by adding FITC-labeled
dextran to the apical compartment of co-cultures; FITC-
dextran flux into the basolateral compartment was quan-
tified 3h later by spectrofluorometry.

Detection of cytokines and chemokines

Cell-free supernatants were assayed for IL-1a, IL-1b
and IL-1Ra using a Luminex�multiplex assay accord-
ing to the manufacturer’s instructions (R&D systems).

IL-6, CXCL8, CXCL10, GM-CSF and IL-1a were
determined by ELISA according to the manufacturer’s
protocol (R&D Systems).

Statistical analysis

Normality of distribution was assessed using the Sha-
piro-Wilk test (Sigma-Plot version 12.5, Systat Soft-
ware) and the appropriate parametric or non-
parametric tests used. Results are expressed as means
§ SD or as box plots representing the median with
25% and 75% interquartiles and whiskers representing
minimum and maximum values, as appropriate. All
data were analyzed using Prism (GraphPad, CA,
USA). P < 0.05 were considered significant.

Results

DsRNA increases ionic permeability but not
macromolecular permeability in the polarized
EMTU model

Compared to equivalent HBEC monocultures,
ionic permeability at baseline was significantly
lower in the polarized EMTU model as measured
by an increase in TER (Fig. 1A P � 0 .05). The
polarized EMTU model was stimulated with
dsRNA (poly(I:C)), a molecular pattern associated
with viral replication,20 at a concentration (1 mg/
ml) that induced significant effects on ionic per-
meability and cytokine release with minimal
effects on cell viability in HBEC monocultures
(Fig. S1). DsRNA increased ionic permeability of
either HBEC monocultures or the polarized
EMTU model, with a significant decrease in TER

Figure 1. Effect of double-stranded RNA (dsRNA) on epithelial barrier function in the polarized epithelial mesenchymal trophic unit
(EMTU) co-culture model. The EMTU co-culture model or HBEC or fibroblast monoculture controls were challenged with poly(I:C)
(1mg/ml) and ionic or macromolecular permeability determined by transepithelial resistance (TER) measurements (A) or FITC-dextran
diffusion (B) respectively. Results are means § SD, n D 7 (A) and n D 3–5 (B). �P � 0.05, ���P � 0 .001 compared to unstimulated con-
trols (2-way ANOVA with Bonferroni correction).
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by 6h (Fig. 1A). This increase in permeability was
sustained 24h after dsRNA stimulation in HBEC
monocultures, but partially recovered in the
EMTU model. Macromolecular permeability of the
epithelium was not significantly affected by co-cul-
ture with fibroblasts or following challenge with
dsRNA (Fig. 1B). These data suggest that even
after dsRNA treatment, epithelial polarization is
maintained in the polarized EMTU model.

DsRNA induces polarized release of proinflammatory
mediators which is enhanced in the basolateral
compartment

Consistent with the restricted movement of macromo-
lecules across the epithelial barrier, dsRNA induced
vectorial proinflammatory mediator release in the
polarized EMTU model. In the apical compartment,
dsRNA induced significant increases in IL-6, CXCL8,
and CXCL10 release which was comparable with
HBEC monocultures (Fig. 2A–C). In contrast, in the
basolateral compartment, dsRNA-stimulated cytokine
levels were synergistically enhanced compared to
dsRNA-stimulated HBEC monocultures (Fig. 2D–F,
Fig. S2). At the concentration of dsRNA tested (1 mg/
ml), fibroblast monocultures were unresponsive to
stimulation (Fig. 2A–F). Taken together, these data

suggest that epithelial-fibroblast cross-talk is occurring
within the EMTU model.

In contrast with IL-6, CXCL8, GM-CSF and
CXCL10 release, the polarity of dsRNA-dependent IL-
1a release was mainly apical (Fig. 3A–B), even when
corrected for differences in volume between the apical
and basolateral compartments (data not shown), and
was comparable between HBEC monocultures and the
polarized EMTU model. No IL-1b was detected. Since
IL-1a levels were similar in cultures containing
HBECs alone this strongly suggests that HBECs are
the primary source of IL-1a following dsRNA
stimulation.

IL-1 mediates dsRNA-dependent proinflammatory
responses

IL-1 has previously been shown to drive autocrine
mediator release in epithelial10 or fibroblast3 monocul-
tures. To test whether epithelial-derived IL-1a was
responsible for augmenting responses in the EMTU
model, we used IL-1 receptor antagonist (IL-Ra). In
unstimulated cultures, IL-1Ra caused a small decrease
in constitutive proinflammatory mediator release
(Fig. S3). In dsRNA-stimulated co-cultures, pre-incu-
bation with IL-1Ra significantly reduced dsRNA-
induced IL-6, CXCL8 and GM-CSF release (Fig. 4,

Figure 2. Effect of double-stranded RNA (dsRNA) on proinflammatory mediator release in the polarized epithelial mesenchymal trophic
unit (EMTU) co-culture model. Apical (A-C) and basolateral (D-F) cell-free supernatants were harvested from the EMTU co-culture model
or human bronchial epithelial cell (HBEC) and fibroblast monocultures 24h after challenge with poly(I:C) (1 mg/ml) and assayed for IL-6
(A,D), CXCL8 (B,E), and CXCL10 (C,F) by ELISA. Results are means § SD, n D 3–5. �P � 0.05, and ���P � 0.001 for comparison between
control and poly(I:C)-stimulated cultures and CCCP � 0 .001 for comparison with HBEC monocultures and EMTU co-culture model (2-
way ANOVA with Bonferroni correction). b.d. indicates levels below the detection limit of the assay.
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Fig. S4 and Table S1). For apical cytokine release, IL-
1Ra only partially reduced dsRNA-dependent IL-6
and CXCL8 (Fig. 4A–B) release and was most effective
when added apically or to both compartments. For
basolateral cytokine release, IL-1Ra had the greatest
effect when added basolaterally or to both compart-
ments with complete abrogation of dsRNA-dependent
IL-6, CXCL8 and GM-CSF (Fig. 4D–E & Fig. S4). The
partial inhibitory effect of IL-1Ra when added apically
could be explained by a small (0.1–1%) but significant
passage of exogenously applied IL-1Ra to the basolat-
eral compartment regardless of dsRNA stimulation
(Fig. S5). Neither apical nor basolateral dsRNA-

dependent CXCL10 release was affected by IL-1Ra
(Fig. 4C, F). Since IL-1b could not be detected in any
cultures, these data suggest that epithelial-derived IL-
1a is absolutely required to drive a subset of proin-
flammatory responses by the underlying fibroblasts.

Fibroblasts are the main responders to IL-1a

To investigate the direct effect of IL-1a on the differ-
ent cell types, HBEC and fibroblast monocultures
were directly stimulated with IL-1a at concentrations
similar to those measured apically (10 ng/ml) or baso-
laterally (1 ng/ml) following dsRNA challenge (See
Fig. 3). In fibroblast monocultures IL-1a significantly
induced IL-6 and CXCL8 release (Fig. 5A–B and
Table S2). In HBEC monocultures, IL-1a responses
were low relative to those observed in the fibroblasts
(Fig. 5C–D & Table S2) suggesting that within the
polarized EMTU model, fibroblasts are the main res-
ponders to dsRNA-induced IL-1a.

A role for IL-1alpha in epithelial-fibroblast signaling
in response to rhinovirus infection in a primary
EMTU co-culture model

As HBECs are the primary source of IL-1a, we initially
characterized the response of fully differentiated pri-
mary HBECs to HRV16 infection. Similar to the
dsRNA-challenged polarized EMTU model, HRV16
infection induced IL-1a release from HBEC ALIs
which was higher in the apical compared to the baso-
lateral compartment (Fig. 6). IL-1a was also detected
intracellularly and was significantly increased follow-
ing HRV16 infection. Of note, the amount of intracel-
lular IL-1a production was 50-100X greater than that
detected extracellularly following HRV infection.

In either HBEC mono- or co-cultures with fibro-
blasts, HRV16 infection resulted in polarized release
of mediators. HRV16-dependent basolateral IL-6
release was significantly augmented in the primary
EMTU co-culture model compared to HBEC mono-
cultures (Fig. 7A–B). This enhancement was not due
to differences in viral replication (median TCID50 of
17.6£106/ml in both primary HBEC monocultures
and differentiated EMTU model). As observed with
dsRNA, HRV16-dependent IL-1a release was higher
in the apical compartment and levels were comparable
in both the primary EMTU co-culture model and
HBEC monocultures (Fig. 7C–D). HRV16-dependent
IL-1b release was not detected. The importance of IL-

Figure 3. Comparison of IL-1a release from double-stranded RNA
(dsRNA)-stimulated human bronchial epithelial cell (HBEC) and
fibroblast monocultures with the polarized epithelial mesenchy-
mal trophic unit (EMTU) co-culture model. Apical (A) and basolat-
eral (B) cell-free supernatants were harvested 24 h after
challenge with poly(I:C) (1 mg/ml) and assayed for IL-1a and IL-
1b by Luminex�. Results for IL-1a release are shown as box plots
representing the median with 25% and 75% interquartiles, and
whiskers representing minimum and maximum values, n D 3–5.
�P � 0.05, ��P � 0.01 for comparison between control and poly(I:
C) stimulated cultures (Mann-Whitney U test). b.d. indicates levels
below the detection limit of the assay. IL-1b was below the level
of detection of the assay.
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1 in epithelial-fibroblast cross-talk was confirmed by
blocking IL-1 signaling using IL-1Ra. This signifi-
cantly reduced basolateral HRV16-dependent IL-6

and CXCL8 release (Fig. 8A–B) to levels comparable
to the non-replicating UV-irradiated HRV control.
CXCL10 release was only modestly reduced (Fig. 8C)

Figure 4. The effect of IL-1R antagonism on double-stranded RNA (dsRNA)-induced cytokine and chemokine release in the polarized
epithelial mesenchymal trophic unit (EMTU) co-culture model. The EMTU co-culture model was cultured in the absence or presence of
IL-1Ra (500 ng/ml) applied either apically, basolaterally or both for 1h prior to stimulation with poly(I:C) (1 mg/ml). Apical (A-C) and
basolateral (D-F) cell-free supernatants were harvested 24 h after stimulation and assayed for IL-6 (A, D), CXCL8 (B, E), and CXCL10 (C, F)
by ELISA. To investigate the effects of IL-1Ra on dsRNA-dependent responses, control mediator levels were subtracted from stimulated
levels and expressed as a percentage of the response to dsRNA. Results are mean responses compared to the poly(I:C)-induced response
in the absence of IL-1Ra (100%) § SD, n D 3–6. ��P � 0.01, ���P � 0.001 for comparison between poly(I:C)-stimulated cultures in the
absence or presence of IL-1Ra (one-way ANOVA with Bonferroni correction).

Figure 5. Effect of IL-1a stimulation on IL-6 and CXCL8 release from fibroblast and human bronchial epithelial cell (HBEC) monocultures.
Fibroblast (A-B) and HBEC (C-D) monocultures were stimulated with IL-1a either apically (10 ng/ml), basolaterally (1ng/ml) or in combi-
nation, or with poly(I:C) (1 mg/ml) as a positive control. After 24 h, cell-free supernatants were assayed for IL-6 and CXCL8 by ELISA. Fold
change in mediator release compared to the unstimulated control was calculated for each experiment. Results are mean fold changes §
SD, n D 4–5. �P � 0.05, ���P � 0.001 compared to untreated control (2-way ANOVA with Bonferroni correction).
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and viral replication was unaffected (median TCID50

of 17.6£106/ml in both control and IL-1Ra-treated
cultures). Together these data demonstrate an essen-
tial role for IL-1a in mediating paracrine

proinflammatory signaling following viral infection of
primary differentiated epithelium.

Discussion
Although cell-cell communication is essential for nor-
mal function of all tissues, the relationship between
structural organization and function is not addressed
in most in vitro studies. Here we examined this rela-
tionship using an integrated co-culture system in
which fully differentiated (or polarized HBECs) were
apically challenged with HRV (or dsRNA) and dem-
onstrated clear evidence of a synergistic interaction
between the infected bronchial epithelium and fibro-
blasts. This interaction was mediated, in part, by epi-
thelial-derived IL-1a which drives a marked
proinflammatory response from the underlying fibro-
blasts. To our knowledge this is the first study to dem-
onstrate direct epithelial-fibroblast cross-talk in
response to HRV infection or dsRNA and it highlights
the importance of epithelial barrier function and
integrity.

An advantage of the EMTU models is the ability to
investigate polarized epithelial function which is
essential for development of chemotactic gradients for

Figure 6. Increased extracellular and intracellular IL-1a release
from human bronchial epithelial cell (HBEC) monocultures
infected with human rhinovirus (HRV)16. ALI monocultures were
infected apically with HRV16 (MOI D 2) or UV-HRV16 as a nega-
tive control. After 24h, apical and basolateral supernatants were
removed and the remaining cells went through 3 cycles of
freeze/thaw before cell-free supernatants were assayed for IL-1a
by ELISA. Results are means § range, n D 5. �P � 0.05,
��P � 0.01 compared to UV-HRV16 control (ANOVA with Bonfer-
roni correction).

Figure 7. Increased human rhinovirus (HRV)16-induced IL-6 and IL-1a release from the primary differentiated epithelial mesenchymal
trophic unit (EMTU) co-culture model compared to air-liquid interface (ALI) monocultures. ALI mono- or co-cultures with fibroblasts
were infected apically with human rhinovirus (HRV)16 (MOID 2) or UV-HRV16 as a negative control. After 24 h, apical (A, C) and basolat-
eral (B, D) cell-free supernatants were assayed for IL-6 (A-B) or IL-1a (C-D). Results are means § SD, 3 separate experiments from one
epithelial cell donor and are representative of 3 donors. ��P � 0.01, ���P � 0.001 compared to UV-HRV16 control and CCP � 0.01 com-
paring HRV16-treated mono- and co-cultures (2-way ANOVA with Bonferroni correction). b.d. indicates levels below the detection limit
of the assay.
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immune cell trafficking and/or retention. In contrast
with previous studies using epithelial monocultures,
where HRV (or dsRNA) increased both ionic and
macromolecular permeability,7,8,21,22 we show that
only ionic permeability is affected in the EMTU mod-
els. Consistent with the absence of any effects on para-
cellular permeability, apical challenge of the
epithelium with HRV or dsRNA resulted in polarized
inflammatory mediator release. Most notably, a syner-
gistic enhancement in the basolateral compartment of
the EMTU models suggests a coordinated response to
viral infection. This was observed in both the polar-
ized and primary EMTU models but the magnitude of
the enhanced responses was different between cul-
tures. The less robust response observed in the pri-
mary EMTU model may be due to the use of HRV
instead of dsRNA. For a response to HRV, the virus
first needs to infect the epithelial cells and replicate to
generate dsRNA, in contrast with the bolus treatment
with exogenously added dsRNA. Furthermore, the
fully differentiated epithelial culture has a protective
mucus layer which may reduce accessibility of the epi-
thelial surface to the virus and, even if the HRV
reaches the cell surface, differentiated epithelial cells
are less susceptible to infection than basal cells.23 Irre-
spective of the differences in the magnitude of
response, synergistic enhancements in basolateral
mediator release in both models suggest cross-talk
between epithelial cells and fibroblasts following viral
infection. This adds to previous studies where influ-
enza virus infection enhanced mediator release in
alveolar epithelial cell and fibroblast co-cultures, how-
ever polarized responses were not examined.24 The
ability of fibroblasts to respond to and amplify signals

from a virally-infected epithelium reflects their role as
sentinels of the immune system.2,25,26

In the EMTU models we determined a key role for
epithelial-derived IL-1a in mediating cellular cross-
talk and amplifying innate immune responses follow-
ing viral stimulation. IL-1a is constitutively expressed
in the cytoplasm of cells and is released in a mature
form following necrotic cell death, however it can also
be released in the absence of cell death.10,27-29 While
we found no evidence of epithelial cell death in the co-
culture model following dsRNA (Fig. S1C), we
observed approximately 10% cell death in HRV-
infected ALI cultures. However we also observed upre-
gulation of intracellular IL-1a in HBECs following
exposure to HRV or dsRNA suggesting intracellular
IL-1a protein is induced by viral challenge and may
be actively released, as reported previously.10 We also
concluded that the IL-1a was epithelial-derived since
it was detected equivalently in HBEC mono- and co-
cultures but not in fibroblast monocultures. This is
consistent with immunohistochemical staining of
bronchial tissue showing that the epithelium is a
major site of IL-1a expression,3 with localization
toward the apical surface of the epithelium.

The polarized nature of the models also gave us the
opportunity to investigate the importance of apical
and basolateral IL-1 signaling. Thus, basolateral appli-
cation of IL-1Ra was sufficient to completely suppress
basolateral release of IL-6, CXCL8 and GM-CSF, but
had minimal effect on CXCL10 release. As CXCL10 is
strongly induced by Type I and III interferons, it is of
considerable interest that this anti-viral response can
be separated from the IL-1a mediated proinflamma-
tory response. In contrast with its potency in the

Figure 8. Role for IL-1a in human rhinovirus (HRV)16-induced proinflammatory responses in the primary differentiated epithelial mes-
enchymal trophic unit (EMTU) co-culture model. Co-cultures were treated with IL-1Ra (500 ng/ml) basolaterally for 1 h prior to HRV16
(MOI D 2) or UV-HRV16 as a negative control. After 24 h, cell-free supernatants were assayed for IL-6 (A), CXCL8 (B), and CXCL10 (C) by
ELISA. To examine the effect of IL-1Ra on HRV16-induced cytokine release, cytokine levels are expressed as % of HRV16-induced control
response (100%). Results are means § SD, n D 3 separate epithelial cell donors. ���P � 0.001 compared to UV-HRV16 control and
CP � 0.05, CCP � 0.01 or CCCP � 0.01 comparing control and IL-1Ra-treated cultures (2-way ANOVA with Bonferroni correction). b.d.
indicates levels below the detection limit of the assay.
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basolateral compartment, apical application of IL-1Ra
was less effective with only a partial suppression of
mediator release. Although both IL-1a and IL-1b can
be inhibited by the use of IL-1Ra,30 in our system it is
likely that IL-1Ra primarily blocks IL-1a signaling as
we could not detect IL-1b in the EMTU co-culture
models. IL-1b has previously been detected from pri-
mary HBEC monolayer cultures following viral infec-
tion,10,31,32 however we could not detect it in our
models using differentiated HBEC cultures. This may
be due to use of undifferentiated cells versus polarized
or fully differentiated cultures. Our data suggest that
in response to dsRNA or HRV, epithelial cells release
IL-1a basolaterally and that this is required to drive
IL-6, CXCL8 and GM-CSF release from fibroblasts.
Consistent with this, we showed that the fibroblasts
were highly sensitive to direct stimulation with IL-1a.
These results are consistent with previous findings
that IL-1a present in conditioned medium from dam-
aged epithelial cells induces IL-6 and CXCL8 produc-
tion from fibroblasts.3,33

Given the relatively high levels of apically released
IL-1a, it was surprising that the low levels of basolat-
eral IL-1a measured in the EMTU co-culture models
were not only sufficient, but essential, for dsRNA-
induced proinflammatory mediator release in this
compartment. This may be explained by the close
proximity of the fibroblasts to the basolateral surface
of the epithelium resulting in high localized concen-
trations of IL-1a. Also IL-1R1 is highly expressed by
fibroblasts3 suggesting that they are highly sensitive to
activation, even at low concentrations of IL-1a. Fur-
thermore IL-6 is known to act as an autocrine factor
that can drive its own release,34 thus IL-1a may be a
trigger for this effect. In contrast to the marked sensi-
tivity of fibroblasts to exogenous or paracrine IL-1a,
HBECs were relatively unresponsive to direct IL-1a
stimulation. Thus, we observed little response using a
concentration similar to that measured in the cell-free
supernatants of challenged cultures; however, at
higher concentrations of IL-1a, IL-6 production could
be observed (data not shown). Furthermore, when
HBEC monocultures were challenged with dsRNA in
the presence of IL-1Ra, partial inhibition of dsRNA-
dependent cytokine release was observed, similar to
findings with HRV-infected HBECs.10 In such a com-
plex antiviral response, it is possible that other factors
synergize with IL-1a to promote an epithelial inflam-
matory response.

Although out of the scope of the current study, the
high levels of IL-1a in the apical compartment are of
considerable interest as they have the potential to
amplify local innate and adaptive immunity through
direct activation or enhancement of luminal immune
cell functions. Macrophages are the first line of cellular
defense against invading pathogens and the IL-1a-IL-
1RI pathway has been identified as a key driver of
inflammatory cytokine and chemokine activation after
adenovirus infection.35 However, direct evidence for
IL-1a-mediated cross talk with infected epithelium
has not been investigated. The human monocytic cell
line, THP-1, expresses IL-1R1 and alveolar macro-
phages have reduced LPS-dependent CXCL8 release
in the presence of IL-1Ra.3,36 Mast cells also respond
to IL-1a with enhanced Th2 cytokine production.37,38

In conclusion, we provide evidence of direct cellular
cross-talk in an integrated model of the EMTU where
apical HRV infection or exposure to dsRNA of the
epithelium results in the maintenance of polarized
responses and drives synergistic basolateral proinflam-
matory mediator release from underlying fibroblasts.
Epithelial-derived IL-1a plays a key role in enhancing
proinflammatory but not anti-viral responses of the
underlying fibroblasts. In chronic respiratory diseases,
such as asthma and COPD, where respiratory viral
infections are a major cause of acute exacerbations6

targeting IL-1a may suppress airway inflammation
while maintaining anti-viral signaling. The IL-1R1
antagonist anakinra is already FDA-approved39 and
clinical trials have shown its effectiveness in inflam-
matory diseases40 and LPS-induced airway inflamma-
tion in healthy volunteers without adverse effects.41
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