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Abstract 

 

1 Abstract 

Asthma is the most common inflammatory disease of the lungs. The most intensively studied 

phenotype, the allergic eosinophilic asthma, is mediated by the T-helper 2 (Th2) cells with the 

presence of type 2 cytokines including IL-4, IL-5 and IL-13. Recurrent human rhinovirus (HRV) 

infection in early life has been associated with asthma development later in life; however, the 

underlying mechanisms are insufficiently explored. The airway epithelium consists of a variety 

of specialized epithelial cells. It initiates innate immune responses and undergoes epigenetic 

reprogramming upon HRV infection. Recent evidence suggests that airway epithelium 

develops inflammatory memories. This study aimed to understand the mechanisms of early-

life recurrent HRV infection-associated asthma risk. I hypothesize that repetitive HRV infection 

trains an aberrantly amplified innate immune response in the airway epithelial cells, that is 

accompanied by epigenetic changes. 

Primary normal human bronchial epithelial cells (NHBEs) were infected with HRV-16 

repetitively and then exposed to IL-13 at the air-liquid interface (ALI). Repetitive HRV-16 

infected cells had an enhanced mRNA expression of RIG-1 and CXCL10 and increased protein 

production of CXCL10, IFNʎ1, IL-8, IL-4 and IL-5 in response to IL-13 exposure. Single-cell RNA 

sequencing (scRNA-seq) identified several anti-viral genes, including IFI27, IFI44, IFI44L, IFI6, 

IFIT1, IFIT2, IFIT3, IFITM3, ISG15 and STAT1, that were upregulated by HRV-16 in epithelial 

ciliated and club cells. In addition, scRNA-seq revealed an enhanced expression of RIG-1, ISG20 

and CXCL10 in repetitive HRV-16 infected ciliated cells upon IL-13 exposure. Gene KRT6A (a IL-

13-responsive DEG identified in club cells) was highly expressed following IL-13 exposure in 

the repetitive HRV-16 infected club cells and even more prominently in the infected goblet 

cells. Furthermore, repetitive HRV-16 infection altered the genome-wide DNA methylation 

profile of NHBE cells and changed methylation levels at gene CXCL10, IL-4 and IL-5. 

In conclusion, repetitive HRV-16 infection could train an enhanced inflammatory response in 

the airway epithelial cells. scRNA-seq has demonstrated the importance of airway epithelial 

ciliated and club cells in mediating the anti-viral responses against HRV-16, and it also 

suggested that repeated HRV-16 infection trains an enhanced interferon response in the 

ciliated cells and primes for amplified IL-13-induced inflammation in the club and goblet cells. 

Furthermore, repetitive HRV-16 infection alters the DNA methylation profile and changes the 
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methylation level of the trained genes. However, in-depth investigations are needed to 

address the association between methylation changes and the modified inflammatory 

responses in this study. 
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2 Zusammenfassung 

Asthma ist die häufigste entzündliche Erkrankung der Lunge. Der am intensivsten 

untersuchte Phänotyp, das allergische eosinophile Asthma, die durch T-Helfer-2-Zellen (Th2) 

vermittelt wird, wobei Typ-2-Zytokine wie IL-4, IL-5 und IL-13 vorhanden sind. Eine 

wiederholte Infektion mit dem humanen Rhinovirus (HRV) in der frühen Kindheit wurde mit 

der Entwicklung von Asthma im späteren Leben in Verbindung gebracht; die zugrunde 

liegenden Mechanismen sind jedoch noch nicht ausreichend erforscht. Das Epithel der 

Atemwege besteht aus einer Vielzahl von spezialisierten Epithelzellen. Dieses Epithel löst 

angeborene Immunreaktionen aus und erfährt bei einer HRV-Infektion eine epigenetische 

Umprogrammierung. Jüngste Erkenntnisse deuten darauf hin, dass das Epithel der 

Atemwege ein entzündliches Gedächtnis entwickelt. Ziel dieser Studie war es, die 

Mechanismen zu verstehen, die mit wiederholten HRV-Infektionen und dem Asthmarisiko in 

der frühen Kindheit zusammenhängen. Ich stelle die Hypothese auf, dass eine wiederholte 

HRV-Infektion eine verstärkt veränderte angeborene Immunantwort in den Epithelzellen der 

Atemwege auslöst, die auch von epigenetischen Veränderungen begleitet wird. 

Normale primäre menschliche Bronchialepithelzellen (NHBEs) in Air-Liquid-Interface 

Kulturen (ALI) wurden wiederholt mit HRV-16 infiziert und dann IL-13  ausgesetzt. HRV-16 

infizierte Zellen, die wiederholt infiziert wurden, hatten eine erhöhte mRNA-Expression von 

RIG-1 und CXCL10 und eine erhöhte Proteinproduktion von CXCL10, IFNʎ1, IL-8, IL-4 und IL-5 

als Reaktion auf die IL-13-Exposition. Die Einzelzell-RNA-Sequenzierung (scRNA-seq) 

identifizierte in Flimmerepithel- und Club-zellen mehrere antivirale Gene, die aufgrund von 

HRV-16 hochreguliert sind: IFI27, IFI44, IFI44L, IFI6, IFIT1, IFIT2, IFIT3, IFITM3, ISG15 und 

STAT1. Darüber hinaus zeigte scRNA-seq eine verstärkte Expression von RIG-1, ISG20 und 

CXCL10 in wiederholt HRV-16-infizierten Flimmerepithelzellen bei IL-13-Exposition. Das Gen 

KRT6A (ein auf IL-13 reagierendes DEG, das in Club-Zellen identifiziert wurde) wurde nach IL-

13-Exposition in den repetitiv mit HRV-16 infizierten Club-Zellen und noch stärker in den 

infizierten Becherzellen exprimiert. Darüber hinaus beeinflusste eine wiederholte HRV-16-

Infektion das genomweite DNA-Methylierungsprofil von NHBE-Zellen und veränderte die 

Methylierungswerte der Gene CXCL10, IL-4 und IL-5. 
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Zusammenfassend lässt sich sagen, dass eine wiederholte HRV-16-Infektion eine verstärkte 

Entzündungsreaktion in den Epithelzellen der Atemwege auslösen kann. scRNA-seq Daten 

haben demonstriert, dass die Flimmerepithel- und die Club-Zellen des Atemwegsepithels bei 

der Vermittlung der antiviralen Reaktionen gegen HRV-16 von Bedeutung sind. Weiters 

deuten die Ergebnisse darauf hin, dass eine wiederholte HRV-16-Infektion eine verstärkte 

Interferon-Antwort in den Flimmerepithelzellen auslöst und die Primes für die verstärkte IL-

13-induzierte Entzündung in den Club- und Becherzellen. Darüber hinaus veränderte eine 

wiederholte HRV-16-Infektion das DNA-Methylierungsprofil und den Methylierungsgrad der 

trainierten Gene. Um den Zusammenhang zwischen den Methylierungsveränderungen und 

den veränderten Entzündungsreaktionen in dieser Studie zu untersuchen, sind jedoch 

tiefgehende Untersuchungen erforderlich. 
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4 Introduction 

4.1 Asthma pathophysiology 

Asthma is a common chronic airway inflammatory disease characterized by airflow limitation, 

airway hyper-responsiveness and remodeling, affecting more than 300 million people 

worldwide in a different range of ages by a variable severity1. It causes a number of clinical 

symptoms including wheeze, shortness of breath, chest tightness and cough, resulting in high 

economic burden especially in low-income and middle-income countries, where access to 

appropriate treatment is inadequate2. Asthma has been known as the product of genetics and 

environment, where a variety of external exposures including respiratory viruses, tobacco 

smoke, air pollution, microbiome, allergen and other aspects of the living environment have 

been found to influence asthma pathogenesis3,4.   

Progress has been made in our understanding of various asthma endotypes and phenotypes 

with different underlying pathophysiologies. In general, pathophysiological features of 

asthma involve airway inflammation, mucus overproduction and airway smooth muscle 

thickening5. The allergic eosinophilic asthma is the most intensively studied phenotype. 

Following the stimulation of allergen presenting dendritic cells (DCs) and the presence of 

coactivators such as thymic stromal lymphopoietin (TSLP), naive T cells differentiate to T-

helper 2 (Th2) cells in the local lymph nodes. Th2 cells then migrate to airway and release the 

type 2 cytokines, interleukin-4 (IL-4), IL-5 and IL-136. IL-4 and IL-13 drive a class-switch towards 

Immunoglobulin E (IgE) in B cells that once bound to mast cells and if crosslinked by allergen 

cause their degranulation, and induce the epithelial goblet cell hyperplasia as well as mucus 

overproduction. IL-5 is a powerful pro-inflammatory cytokine responsible for the maturation, 

proliferation, activation, and migration of eosinophils2,5 (Figure 1). 

In non-allergic eosinophilic asthma that often related with respiratory viruses and bacteria, 

the epithelial cell-derived ‘alarmins’ IL-25, IL-33 and TSLP are released after epithelial damage, 

and directly interact with group 2 innate lymphoid cells (ILC2s)  to release IL-5 and IL-137 

(Figure 1).  

In addition, neutrophil-predominant asthma has also been described but remains poorly 

understood. However, microbes or pollutants inducing TSLP and the related processes 

involving Th17 lymphocytes appear to be involved2,7. 
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Figure 1. Interaction between airway epithelium and immune cells in type 2 asthma pathophysiology. 

4.2 Human Rhinovirus (HRV) 

Human rhinovirus (HRV) is a non-enveloped, positive-sense single-stranded-RNA (ssRNA) 

virus, belonging to the genus Enterovirus in the family Picornaviridae. Over 160 serotypes of 

HRV have been identified and classified into three clades named HRV-A, HRV-B and HRV-C by 

genetic characterization; another classification is based on the cellular receptor specificity 

thus creating two groups including major (the majority of HRV-A and all HRV-B) and minor 

group (HRV-A)8.  

 Innate immune response to HRV in airway epithelium 

The airway epithelium serves not only as a physical protective wall but also the primary target 

site that initiates the innate immune response against HRVs. Different types of HRV enter 

airway epithelial cells via endocytosis that is mediated by one of the following three known 

cell surface receptors, intercellular adhesion molecule-1/ICAM-1 (major group), low density 

lipoprotein receptor/LDLR (minor group), and cadherin-related family member 3/CDHR3 

(HRV-C)9. Next, viral ssRNAs and newly synthesized double-stranded-RNAs (dsRNAs) are 

recognized by toll like receptor (TLR) 7/8 and TLR3 on the endosome, respectively. Interaction 

between dsRNAs and TLR3 triggers the upregulation of cytoplasmic pattern recognition 

receptors (PRRs): retinoic acid-inducible gene 1 (RIG-1) and melanoma differentiation-

associated protein 5 (MDA-5), that recognize viral dsRNAs in the cytoplasm. Subsequently, 
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activation of TLRs and PRRs induce antiviral and inflammatory responses by stimulating 

interferon (IFN) genes and the pro-inflammatory cytokines such as IL-8 and interferon 

gramma-induced protein (IP-10/CXCL10). These cytokines further modulate proliferation, 

activation, and recruitment of immune cells including T cells, B cells, eosinophils, neutrophils 

and monocytes to the airway, thus triggering adaptive immune responses10 (Figure 2). 

 

Figure 2. Immune responses to HRV in airway epithelium.  
Adapted from: Jacobs SE, Lamson DM, Kirsten S, et al. Human rhinoviruses. Clin Microbiol Rev 2013;26(1):135–162.10 

 Early-life recurrent HRV infection as a predictor of asthma development 

HRV is one of the most prevalent respiratory viruses and responsible for more than 50% of 

upper respiratory illnesses (common colds) in humans worldwide. It is one of the leading 

causes of viral bronchiolitis in infants and the most common virus associated with wheezing 

in children aged between one and two years11. Additionally, the recurrent wheezing illnesses 

due to HRV infection in early childhood play as a significant risk factor to asthma development 

later in life12,13. The childhood origins of asthma (COAST) study demonstrated an association 
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between HRV-induced wheezing episodes during the first 3 years of life and the later diagnosis 

of asthma at age of 6 years14,15. In another Finnish prospective follow-up study, the recurrent 

rhinovirus bronchiolitis in infancy has also been demonstrated to increase the asthma risk at 

age of 15–18 years16. Nevertheless, the debate over whether early-life recurrent HRV infection 

is a causal factor in the asthma onset or whether it exclusively occurs in asthma susceptible 

individuals, has not yet been settled. It has been proposed that the HRV infection, allergen 

sensitization and host risk factors such as genetic variation at the 17q21 locus, acting together 

to contribute the strong linkage12,13. More recently, the role of epigenetic modification 

occurring early in life due to HRV infection has been risen to attention17.  

4.3 Trained immunity 

The innate immune cells are capable of gaining memory characteristics after external stimuli, 

mediated via epigenetic modifications that often closely connected with metabolic rewiring, 

resulting in an enhanced immune responses upon homo- or heterologous re-stimulation, a 

process termed trained immunity18. Trained immunity has been widely studied on myeloid 

cells such as monocytes in relation to its protective role against re-infection19–21. By contrast, 

the augmented immune responses arising from trained immunity can also be detrimental in 

certain illnesses like autoimmune diseases22–24. 

 Inflammatory memory of airway epithelium 

The respiratory epithelium is a dynamic tissue with the capability for slow but constant cellular 

self-renewal that consists of a variety of specialized epithelial cells including basal, ciliated, 

goblet, club cells and some rare populations such as tuft cells, pulmonary neuroendocrine cells 

(PNECs) and ionocytes25. It plays a central role in defending against environmental exposures 

and – if it fails – in initiating asthma pathogenesis26. Growing evidence suggests that infection 

with viruses such as respiratory syncytial virus (RSV) and HRV affect the immune responses 

epigenetically in the airway epithelium, via altering DNA methylation27–29 and miRNAs 

expression30,31. Other environmental exposures, such as air pollution and tobacco smoke, can 

also contribute to epigenetic reprogramming in airway epithelial cells, that drives the 

upregulation of asthma genes and pathways32,33.  

Moreover, evidence has suggested that airway epithelium develops inflammatory memories. 

For example, pre-stimulation of BEAS-2B cells and primary human bronchial epithelial cells 

with Pseudomonas aeruginosa flagellin has been shown to modify the immune response to a 
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secondary unrelated stimuli34. Specifically, the production of IL-6 and IL-8 was increased in 

response to subsequent Aspergillus fumigatus (A. fumigatus) stimulation, yet was decreased 

following secondary treatment with Escherichia coli (E. coli) lipopolysaccharide (LPS), 

Pseudomonas aeruginosa or Stenotrophomonas maltophilia. Meanwhile, inhibition of histone 

acetyltransferase and histone methyltransferase significantly diminished the flagellin-trained 

IL-8 response to A. fumigatus34. Similarly, another study reported that priming of airway 

epithelial cells (AAIEB cells) with IFN-ϒ decreased histone 3 lysine 9 trimethylation (H3K9me3) 

at the promoter of RIG-1, resulting in an enhanced RIG-1 expression and resistance to 

subsequent RSV infection35. Moreover, Ordovas-Montanes J et al have reported an allergic 

inflammatory memory of airway epithelial cells. In particular, the airway basal epithelial cells 

from patients with chronic rhinosinusitis were cultured in vitro, and still retained the type 2 

transcriptional signatures in response to IL-4 and IL-13 over five times of passaging36.  

 Epigenetic mechanisms underpinning trained immunity 

Trained immunity is dependent on the extensive epigenetic reprogramming including DNA 

methylation, histone modification and non-coding RNAs regulation18.  

DNA methylation is to add a methyl group to the fifth carbon of a cytosine residue to form 5-

methylcytosine. It plays a crucial role in regulating gene expression, but the functional 

mechanism is complex and the direction of gene regulation can vary depending on the 

methylation sites in a locus and the biological context37. In mammals, DNA methylation mostly 

occurs on CpG sites (CpGs) with the exception of CpG islands (CGIs)38,39. CGIs are stretches of 

DNA roughly 1000 base pairs long that have a higher CpG density than the rest of the genome 

which often reside within gene promoters40,41. The function of DNA methylation has been long 

focused on the CGI promoters near the transcriptional start sites (TSSs), and is generally 

considered to repress gene expression42,43. However, this classical concept has been 

challenged by evidence that hypermethylated promoter correlating with the activated gene 

transcription44. Beyond TSSs, methylation of gene bodies is also important in regulating gene 

expression, whereas the function is even more dynamic and such that the detailed 

mechanisms are currently far from clear37,42. 

Another key epigenetic mechanism is histone modification. Important histone marks involved 

in trained immunity are histone 3 lysine 4 trimethylation (H3K4me3) enriched at active 

promotors, histone 3 lysine 4 methylation (H3K4me1) enriched at active enhancers, and 
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histone 3 lysine 27 acetylation (H3K27ac) marks both active enhancer and promotor regions45. 

In addition to histone modifications, long noncoding RNAs are also involved in trained 

immunity, through forming the chromosomal contacts with the target genes and enabling the 

H3K4me3 priming at their promoters46. 

In the context of trained immunity, the external stimulation could alter the above epigenetic 

marks, leading to the unfolding of chromatin, enhanced gene transcription and increased pro-

inflammatory factors production. Those epigenetic changes are only partially eliminated after 

cessation of stimuli, which allows a quicker and stronger response upon secondary unrelated 

challenge18,45. 
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5 Aims and Objectives 

As outlined above, the association of early-life recurrent HRV infection and asthma 

development has been widely accepted, yet the underlying mechanisms are still 

insufficiently explored. The airway epithelial cells are the major site of colonization and 

replication of HRVs, and play a crucial role in initiating pro-asthmatic responses. Therefore, I 

aimed to get insights into the mechanisms linking early-life recurrent HRV infection to 

asthma risk, with a special focus on the airway epithelium.  

By extending the ‘trained immunity’ to cells outside the innate immune system, I hypothesize 

that the memory paradigm also applies to the airway epithelial cells.  

The specific hypotheses of the present thesis therefore are: 

H1: Repetitive HRV infection trains an aberrantly amplified innate immune response in airway 

epithelial cells, priming for a greater airway inflammation. 

H2: Repetitive HRV infection modifies the transcriptome of airway epithelium in a cell-specific 

manner. 

H3: If H1 holds true, the enhanced epithelial inflammatory responses are associated with DNA 

methylation changes. 

To test these hypotheses, primary normal human bronchial epithelial cells (NHBEs) were 

cultured at air-liquid interface (ALI), infected with HRV-16 repetitively and then exposed to IL-

13 in order to trigger an ‘asthma-like’ change, the main objectives were to: 

1. Mimic HRV-16 infection with the TLR3 agonist polyinosine-polycytidylic acid (poly I:C) 

and characterize its effects on NHBEs. 

2. Assess the influence of repetitive HRV-16 infection (HRVI) on the inflammatory 

responses of NHBEs. 

3. Analyze how repetitive HRVI changes the transcriptome of NHBEs at single cell level. 

4. Investigate the DNA methylation changes of the repetitive HRVI-modified 

inflammatory genes.
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6 Materials 

6.1 Primary cells and Virus 

Primary cells and Virus Origin Provider 

Human Rhinovirus 16 (HRV-16), 

Purified (ATCC®VR-283PQTM) 

Throat swab from a healthy 2-year-old 

female, Washington, DC, 1960 

ATCC, Manassas, 

USA 

Primary Normal Human Bronchial 

Epithelial Cells (NHBEs) 

Primary normal human bronchial 

epithelial cells from cadavers 

Lonza, Walkersville 

MD, USA 

Table 1. Primary cells and Virus. 

6.2 Chemicals and Reagents  

Substance Manufacturer Country 

Acetic Acid 0.5M Carl Roth Karlsruhe, GER 

BD Pharmingen™ DRAQ7™ BD Biosciences San Piego CA, USA 

BD Pharmingen™ Stain Buffer BD Biosciences San Piego CA, USA 

Bronchial Epithelial Cell Growth Medium 

(BEGM) 

Lonza Walkersville MD, USA 

β-mercaptoethanol (β-ME) Carl Roth Karlsruhe, GER 

Calcein, AM, cell-permeant dye Thermo Fisher Scientific Eugene OR, USA 

Chloroform  AppliChem Panreac Darmstadt, GER 

Dimethyl Sulfoxide Sigma-Aldrich St. Louis, USA 

Dulbecco's Phosphate Buffered Saline 

(DPBS), no calcium, magnesium, no 

phenol red 

Capricorn Scientific GMBH Ebsdorfergrund, GER 

E. coli-derived Human Interleukin 13 

Protein 

R&D Systems Minneapolis, USA 

Eagle's Minimum Essential Medium 

(EMEM) 

ATCC Manassas, USA 

Entellan Merck Darmstadt, GER 

Ethanol 99% Walter-CMP GmbH & Co. KG Kiel, GER 

Glycogen, RNA grade Thermo Fisher Scientific  Waltham, 

Massachusetts, USA 

Hanks' Balanced Salt Solution (HBSS), 

with calcium, magnesium, no phenol red 

Capricorn Scientific GMBH Ebsdorfergrund, GER 

Heparin Solution StemCell Technologies Vancouver, CAN 
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HEPES Buffered Saline Solution Lonza Walkersville MD, USA 

HEPES Buffer Solution (1M) Gibco, Life Technology 

Corporation 

NY, USA 

Human Placental Collagen Type IV Sigma-Aldrich St. Louis, USA 

Hydrocortisone Stock Solution StemCell Technologies Vancouver, CAN 

Isopropanol Carl Roth Karlsruhe, GER 

Paraffin 53-54° Carl Roth Karlsruhe, GER 

Paraformaldehyde (PFA) 4%/PBS Morphisto Offenbach, GER 

Penicillin/Streptomycin 1% PAN Biotech Aidenbach, GER 

PneumaCult™-ALI medium StemCell Technologies Vancouver, CAN 

Poly I:C, Polyinosine-Polycytidylic Acid  Sigma-Aldrich St. Louis, USA 

Qiazol Lysis Reagent Qiagen Maryland, USA 

Reconstitution Buffer 2 (Bovine Serum 

Albumin, BSA/PBS) 

R&D Systems Minneapolis, USA 

Rotiphorese 10xTBE buffer Carl Roth Karlsruhe, GER 

Sodium Acetate Solution Thermo Fisher Scientific Waltham, 

Massachusetts, USA 

SYBR Green II Lonza Basel, CHE 

Triton X-100 Thermo Fisher Scientific Leics, UK 

Trypan Blue Sigma-Aldrich St. Louis, USA 

Trypsin EDTA Solution Lonza Walkersville MD, USA 

Trypsin Neutralizing Solution (TNS) Lonza Walkersville MD, USA 

UltraPureTM Agarose Invitrogen™ Thermo Fisher Carlsbad, CA, USA 

Table 2. Chemicals and Reagents. 

6.3 Buffers and Solutions 

Name Substance Weight/Volume 

Paraformaldehyde 4% Paraformaldehyde 40 ml 

PBS 960 ml 

Phosphate Buffered Saline (PBS) KCl 2 g 

KH2PO4 2.4 g 

NaCl 80 g 

Na2HPO4 14.4 g 

RNA Loading Buffer (per sample) Formamide, deionized 18.0 µl 

SYBR Green II (1:100) 1.5 ml 
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5 x TBE Buffer 3.0 µl 

Table 3. Buffers and Solutions. 

6.4 Commercial Kits 

Kit Manufacturer Country 

Agilent DNA High Sensitivity Kit Agilent Technologies Waldbronn, GER 

Allprep DNA/RNA Micro Kit Qiagen Hilden, GER 

BD Human Single-Cell Multiplexing Kit BD Biosciences San Jose CA, USA 

BD Rhapsody Cartridge Kit BD Biosciences San Jose CA, USA 

BD Rhapsody cDNA Kit BD Biosciences San Jose CA, USA 

BD Rhapsody Enhanced Cartridge Reagent Kit BD Biosciences San Jose CA, USA 

BD Rhapsody Whole Transcriptome Analysis 

(WTA) Amplification Kit 

BD Biosciences San Jose CA, USA 

Cytotoxicity Detection Kit (Lactate 

Dehydrogenase, LDH) 

Roche Mannheim, GER 

eBioscience Annexin V-FITC Apoptosis 

Detection Kit 

Thermo Fisher Scientific Waltham, 

Massachusetts, USA 

EZ DNA Methylation Kit Zymo Research Irvine CA, USA 

Illumina Infinium MethylationEPIC BeadChip Illumina San Diego, USA 

Light Cycler 480 SYBR Green I Master Mix Roche Mannheim, GER 

miRNeasy Mini Kit Qiagen Hilden, GER 

Periodic Acid Schiff’s Staining Kit Carl Roth Karlsruhe, GER 

Quantitect Reverse Transcription Kit Qiagen Hilden, GER 

Qubit dsDNA High Sensitivity Assay Kit Thermo Fisher Scientific Oregon, USA 

TaqMan Advanced Master Mix Thermo Fisher Scientific Waltham, 

Massachusetts, USA 

MSD U-PLEX Biomarker Group 1 (hu) 96-well 

Multiplex Assays (IFN-β, IFN-ʎ1, IL-4, IL-5, IL-

6, IL-8, IL-10, IL-12p70, CXCL10, GM-CSF) 

Meso Scale Diagnostics Rockville, USA 

Table 4. Commercial Kits. 

6.5 Oligonucleotides 

Gene Forward (5’ – 3’) Reverse (5’ – 3’) 

HPRT TTGTTGTAGGATATGCCCTTGAC TCTCATCTTAGGCTTTGTATTTTGC 

HRV-16* CGCTCAGCTGTTAACCCAACA CAGCCACGCAGGCTAGAAC 

Probe: FAM 5′- TAGAGATTCCCCTCCGGCGACGG -3′ TAMRA 



Materials 

 

11 
 

IL-8 TGTGAAGGTGCAGTTTTGCCAAGG GTTGGCGCAGTGTGGTCCACTC 

IP-10/CXCL10 GGTGAGAAGAGATGTCTGAATCC GTCCATCCTTGGAAGCACTGCA 

MUC5AC GCCTTCACTGTACTGGCTGAG AGGGTCTGAAGATGGTGACG 

RIG-1 CCCGGCACAGAAGTGTATATT CAATGCCTTCATCAGCAACTG 

RPL32 CATCTCCTTCTCGGCATCAT TAACCAATGTTGGGCATCAA 

Table 5. Oligonucleotides.  
*Custom TaqMan Gene Expression Assay, Thermo Fisher Scientific, USA. 

6.6 Consumables 

Consumable Manufacturer Country 

Agencourt® AMPure® XP Magnetic Beads  Beckman Coulter Brea CA, USA 

Biosphere Filter Tip 10 µl, 20 µl, 100 µl, 200 µl, 

1000 µl 

Sarstedt Nümbrecht, GER 

Cell Culture Flasks 25 cm2 Sarstedt Nümbrecht, GER 

Cell Culture Plates, 12 well, 96 well Corning Kennebunk, ME, USA 

Combitips Advanced 0.2 ml, 1.0 ml Eppendorf Massachusetts, USA 

Conical Centrifuge Tubes 15 ml, 50 ml Sarstedt Nümbrecht, GER 

Cryotubes Sarstedt Nümbrecht, GER 

DNA LoBind Tubes 1.5 mL, 5 ml Eppendorf Hamburg, GER 

Filterpur S 0.22 µm Merck Millipore  Cork, IRL 

Gilson™ PIPETMAN™ Tipack™ Filter Tips 100–

1,200 μl, 500–5,000 µl 

Thermo Fisher Scientific Villiers-le-Bel, FRA 

Glass Pasteur Pipettes 145 mm BRAND GMBH Wertheim, GER 

Histology Cassettes Carl Roth Karlsruhe, GER 

INCYTO™ Disposable Hemocytometer Incyto Co. Covington GA, USA 

Microscope SuperFrost®Plus Slides Langenbrinck Emmendingen, GER 

Nuclease Free Water Carl Roth Karlsruhe, GER 

Parafilm "M" Carl Roth Karlsruhe, GER 

PCR Plates Roche Diagnostics GmbH Indianapolis, IN, USA 

Pipette Tip 20 µl, 200 µl, 1000 µl Sarstedt Nümbrecht, GER 

Reaction Tubes 0.2 ml, 0.5 ml, 1.5 ml, 2.0 ml Sarstedt Nümbrecht, GER 

Sealing Foil for PCR Plate Carl Roth Karlsruhe, GER 

Stericup and Steritop 0.22 µm Merck Millipore Darmstadt, GER 

Stripette 5 ml, 10 ml, 25 ml Corning Kennebunk, ME, USA 

Surgical Disposable Scalpels B Braun Melsungen, GER 

Syringe 10 ml, 50 ml BD Madrid, ESP 
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Transwell Inserts, 12 well, polyester, 

transparent, 0.4 µm 

Corning Kennebunk, ME, USA 

Table 6. Consumables. 

6.7 Softwares and Websites 

Software/Website Source 

BD FACSDivaTM Software version 8.0.1 BD Bioscience, San Jose, USA 

Discovery Workbench version 4.0 Meso Scale Diagnostics, Rockville, MD, USA 

Graphpad Prism version 8 GraphPad Software, Inc., San Diego, CA, USA 

LightCycler® 480 Software version 1.5.1 Roche, Mannheim, GER 

Primer-BLAST https://www.ncbi.nlm.nih.gov/tools/primer-blast/ 

Partek Genomics Suites Partek Inc., Missouri, USA 

SeqGeq BD Bioscience, San Jose, USA 

SevenBridges Genomics BD Bioscience, San Jose, USA 

Table 7. Softwares and Websites. 

6.8 Equipments and Devices 

Equipment/device Name Manufacturer Country 

Absorbance Plate 

Reader 

Tecan Sunrise Multiplate 

Reader 

Tecan Trading AG Männedorf, GER 

Centrifuges Cytospin 3 (Cytospin 

Centrifuge) 

SHANDON Cambridge, UK 

Eppendorf Centrifuge 

5415 R 

Eppendorf AG Hamburg, GER 

Multifuge X1R (Plate 

Centrifuge) 

Heraeus Holding 

GmbH 

Hanau, GER 

Electrophoresis Power 

Supply 

Powerpac Basic Biorad Hercules, CA, USA 

Embedding Station Histostar Thermo Fisher 

Scientific 

Waltham, 

Massachusetts, 

USA 

Flow Cytometer BD Accuri C6 

FlowCytometer 

BD Biosciences Franklin Lakes, NJ, 

USA 

Fluorometer Invitrogen Qubit 3.0 

Fluorometer 

Thermo Fisher 

Scientific 

Mariette, OH, USA 
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Fluorospectrometer NanoDrop1000 Thermo Fisher 

Scientific 

Mariette, OH, USA 

Freezers/Fridges Privileg de lux (4°C) Quelle GmbH Fürth, GER 

Privileg öko Energiesparer 

(-20°C) 

Quelle GmbH Fürth, GER 

VWR60086V (-80°C) Quelle GmbH Mariette, OH, USA 

Freezing Device Mr. FrostyTM Freezing 

Container 

Thermo Fisher 

Scientific 

Mariette, OH, USA 

Fume Hood Köttermann Systemlabor 

Typ 2-453-DAND 

Köttermann 

Systemlabor 

Uelze-Hänigsen, 

GER 

Gel Chamber PeqLab, comb 1.5 mm 24 

well 

Biotechnologie GmbH Erlangen, GER 

Gel Imaging System ChemiDoc Touch Imaging 

System doc 

Biorad Hercules, CA, USA 

Hemocytometer Neubauer Marienfeld Superior Lauda-

Königshofen, GER 

Incubator CO2-AUTO-ZERO Heraeus Holding 

GmbH 

Hanau, GER 

Laminar Flow Hoods BDK Weiss Pharmatechnik Oldenburg, GER 

Scanlaf Mars Safety Class 

2 

Labogene  Lillerød, DNK  

Liquid Nitrogen Tank Liquid Nitrogen Westfalen AG Münser, GER 

Magnetic Heating 

Stirrer 

IKA RET Basic IKA Staufen, GER 

Magnetic Separation 

Rack 

Cell Separation Magnet BD Biosciences San Jose CA, USA 

Dynamag ™ PCR Magnetic  Thermo Fisher 

Scientific 

Carlsbad CA, USA 

6-Tube Magnetic 

Separation Rack for 1.5 

mL Tubes 

New England Biolabs Rowley MA, USA 

Microarray Scanner iScanSQ System Illumina San Diego, USA 

Microscopes BX41 Olympus Hamburg, GER 

ZEISS Primostar ZEISS Oberkochen, GER 
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Microtome Microtome HM340E (with 

waterslide and cooling 

block) 

Thermo Fisher 

Scientific 

Waltham, MA, USA 

Microwave MW 7873 Severin Sundern, GER 

Multi-Array Reader Meso QuickPlex SQ120 Meso Scale 

Diagnostics 

Rockville, MD, USA 

Multichannel Pipettes Eppendorf Multichannel 

Pipettes 

Eppendorf Hamburg, GER 

Electronic Pipettes Gilson™ PIPETMAN 

P1200M 

Thermo Fisher 

Scientific 

Villiers-le-Bel, FRA 

Gilson™ PIPETMAN 

P5000M Pipette 

Thermo Fisher 

Scientific 

Villiers-le-Bel, FRA 

Sequencer NovaSeq S4 Platform Illumina Santa Clara, CA, 

USA 

Single-Cell Analysis 

System 

BD Rhapsody™ Express 

Single-Cell Analysis 

System 

BD Biosciences San Jose CA, USA 

BD Rhapsody™ Scanner BD Biosciences San Jose CA, USA 

Spectrometer Agilent 2100 Bioanalyzer Agilent Technologies Waldbronn, GER 

DeNovix®, DS-11 DeNovix Inc Wilmington, DE, 

USA 

Thermocyclers Biometra Trio Thermal 

Cycler 

Biometra 

Biomedizinische 

Analytik GmbH 

Göttingen, GER 

Light Cycler 480 Roche Diagnostics Mannheim, GER 

Tissue Processor Microm STP120 Thermo Fisher 

Scientific 

Waltham, MA, USA 

Vortexers IKA MS3 basic IKA Staufen, GER 

 IKA Vortex-Schüttler VF2 IKA Staufen, GER 

Warming Plate ThermoLux Warming 

Plate 

Witte+Sutor GmbH Murrhardt, GER 

Water Bath Hydro H 22 LAUDA Scientific Burgwedel, GER 

Table 8. Equipments and Devices.
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7 Methods 

7.1 Cell Culture 

 Air-liquid interface (ALI) culture of primary normal human bronchial epithelial cells 

(NHBEs) 

Primary normal human bronchial epithelial cells (NHBEs) (Lonza, USA) were cultured in T25 

cm2 flasks (Sarstedt, GER) in bronchial epithelial cell growth medium (BEGM) (Lonza, USA) at 

37°C, 5% CO2 in a humidified incubator. When the density reached 70%-80%, cells were 

washed with 4 ml of pre-warmed HEPES buffered saline solution (Lonza, USA) and detached 

with 2 ml pre-warmed trypsin/ethylenediaminetetraacetic acid (EDTA) (Lonza, USA) for up to 

7 minutes in 37°C followed by gentle tapping the side of the flask. Trypsin was inactivated by 

addition of 4 ml pre-warmed trypsin neutralizing solution (TNS) (Lonza, USA) and the entire 

mixture was then transferred to a falcon tube (Sarstedt, GER). Residual cells were collected by 

rinsing the flasks with 2 ml of pre-warmed HEPES buffered saline solution. After pelleting the 

cells for 5 minutes at 220x g at room temperature, they were resuspended in BEGM medium 

for counting. The cells were diluted 1:1 with trypan blue (Sigma-Aldrich, USA) and counted by 

using a hemocytometer (Marienfeld Superior, GER), the total cell number was calculated with 

the following formula: Cell number/ml = (𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 4 𝑠𝑞𝑢𝑎𝑟𝑒𝑠)/4 ×

2 (𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛) × 104 . The counted cells were either directly used for ALI culture or 

cryopreserved for later use.  

For cryopreservation, 0.5-1×106 cells/ml were aliquoted into cryotubes (Sarstedt, GER) in 1 ml 

of BEGM medium containing 10% dimethyl sulfoxide (DMSO) (Sigma-Aldrich, USA). The vials 

were slowly cooled down to -80°C by using a Mr. FrostyTM freezing container (Thermo Fisher 

Scientific, USA) filled with isopropanol (Carl Roth, GER), and the next day were transferred to 

liquid nitrogen for long-term storage. 

7.1.1.1 Pre-coating transwell inserts for ALI culture 

Human placental collagen type IV (Sigma-Aldrich, USA) was dissolved in 0.5M acetic acid (Carl 

Roth, GER) at room temperature for 3-4 hours to a concentration of 1 mg/ml, aliquoted and 

stored at -20°C for further use. Prepared collagen type IV was diluted with 200 µl hanks' 

balanced salt solution (HBSS) (Capricorn Scientific GMBH, GER) and added to 12-well transwell 

insert (transparent, 0.4 µm, Corning, USA) in a concentration of 8.9 µg/cm2, the remaining was 
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aspirated after 3 hours of incubation at room temperature. The membranes were exposed to 

air in the laminar flow hood with opened lid for 30 minutes to dry. The coated transwell inserts 

were either used immediately or stored at 4°C. Each well was washed with 500 µl HBSS prior 

to cell seeding. 

7.1.1.2 Differentiation of NHBEs at ALI 

85,000-90,000 NHBE cells at passage 2 were seeded onto the collagen type IV-coated 

transwell inserts in pre-warmed BEGM medium and expanded to confluency for 

approximately two days. For air-lift, the apical medium was aspirated and the basal medium 

was changed to PneumaCultTM-ALI medium (Stemcell, CAN) containing 1% 

penicillin/streptomycin (PAN Biotech, GER) to start the ALI culture. The basal medium was 

regular changed every two days, and the apical mucus was removed by weekly washes with 

500 µl of HBSS (Figure 3). 

 

Figure 3. Differentiation of NHBEs at ALI. 

 Treatment of NHBEs with poly I:C and IL-13 at ALI 

To mimic recurrent viral infection, NHBE cells were treated with poly I:C (Sigma-Aldrich, USA) 

repetitively at day 7, day 10 and day 13 post air-lift. Therefore, 10 µg/ml of poly I:C in 100 µl 

of dulbecco's phosphate buffered saline (DPBS) (Capricorn Scientific GMBH, GER) were added 

onto the apical part of the cells and incubated in 37°C for 24 hours, the cells were then washed 

twice with HBSS from the apical side to remove the remaining.  

IL-13 (R&D system, USA) was dissolved in 0.1% BSA/PBS to a concentration of 50 µg/ml, 

aliquoted and stored at -20°C for further use. In order to induce “asthma-like” changes, the 

cells were subsequently exposed to 10 ng/ml of IL-13 from the basolateral side for 7 days from 

day 16 to day 23 at ALI, IL-13 was renewed every two days with simultaneous changes of the 

basal medium. One, four and seven days post IL-13 treatment, cells were sampled for RNA 

expression analysis and histology (Figure 4).  
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Figure 4. Treatment of poly I:C and IL-13 on NHBEs at ALI. 

 Treatment of NHBEs with HRV-16 and IL-13 at ALI 

7.1.3.1 HRV-16 inoculation on NHBEs at ALI 

Purified HRV-16 (ATCC, USA) was diluted in 25mM HEPES/DPBS (Gibco, USA) to a 

concentration of 1.6x104 copies/µl, aliquoted and stored at -80°C for further use. In order to 

understand the kinetic replication pattern of HRV-16 in NHBE cells, HRV-16 was inoculated to 

the cells at a multiplicity of infection (MOI) of 0.01 or 0.05 on day 14 at ALI culture. Therefore, 

HRV-16 suspension in 100 µl of eagle's minimum essential medium (EMEM) (ATCC, USA) were 

added onto the apical part of the cells and incubated for 2 hours, the cells were then washed 

four times with HBSS from the apical side to remove any remaining. Cells were sampled for 

RNA expression analysis at 0-day post infection (dpi), 1dpi, 2dpi, 3dpi, 4dpi and 6dpi (Figure 

5). 

 

Figure 5. HRV-16 inoculation on NHBEs at ALI. 

7.1.3.2 Repetitive HRVI and IL-13 exposure on NHBEs at ALI 

7.1.3.2.1 Initial setup 

NHBE cells were infected with HRV-16 at MOI of 0.01 or 0.05 repetitively at day 14, day 17 and 

day 20 post air-lift. Subsequently, cells were exposed to 10 ng/mL of IL-13 for 4 days from day 

23 to day 27. At the end of experiment, cells were sampled for apoptotic and RNA expression 

analysis (Figure 6). 
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Figure 6. Repetitive HRVI and IL-13 exposure on NHBEs at ALI – Initial setup. 

7.1.3.2.2 Optimized setup 

NHBE cells were infected with HRV-16 at MOI of 0.01 or 0.05 repetitively at day 14, day 21 and 

day 28 post air-lift, and then exposed to IL-13 (10 ng/mL) for 2 days from day 35 to day 37. At 

the end of experiment, cells were sampled for apoptotic and RNA expression analysis (Figure 

7). 

 

Figure 7. Repetitive HRVI and IL-13 exposure on NHBEs at ALI – Optimized setup. 

7.1.3.2.3 Final setup 

NHBE cells were infected with HRV-16 at MOI of 0.001 repetitively at day 14, day 21 and day 

28 post air-lift, and then exposed to 10 ng/ml of IL-13 for 2 days from day 35 to day 37. In 

order to investigate the kinetic replication pattern of HRV-16, cells were sampled for viral RNA 

expression analysis every other day from day 15 until day 33. At the end of experiment, cell 

culture supernatants were collected by apical wash with 500 µl of HBSS to check lactate 

dehydrogenase (LDH) cytotoxicity and cytokine production, cells were sampled for RNA 

expression, DNA methylation analysis and histology, and single cell suspension was prepared 

for single-cell RNA sequencing (scRNA-seq). 

In addition to repetitive infection, cells were infected with HRV-16 at MOI of 0.001 for two-

times (day 21, 28) or one-time (day 28), and subsequently exposed to 10 ng/ml of IL-13 for 2 

days from day 35 to day 37. At the end of experiment, same readouts were analyzed as above 

(Figure 8). 
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Figure 8. Repetitive HRVI and IL-13 exposure on NHBEs at ALI – Final setup. 

7.2 RNA Expression Analysis 

 RNA isolation  

NHBE cells at ALI culture were washed with HBSS apically and basally, and were harvested by 

cutting the membrane (with cells attached) out of the transwell insert and putting into a fresh 

1.5 ml reaction tube (Sarstedt, GER) containing 700 µl Qiazol lysis reagent (Qiagen, USA). Cells 

were directly proceeded to RNA isolation by using the miRNeasy Mini Kit (Qiagen, GER) 

according to the manufacturer’s instructions, or stored at -80°C for later use. Briefly, cells were 

first disrupted and detached from the membrane by vortexing on MS3 basic (IKA, GER) at full 

speed for 3-4 times, the membrane was then discarded and 140 µl of chloroform (AppliChem 

Panreac, GER) was added. The ribonucleic acid (RNA) of the aqueous phase was transferred 

to a QIAamp mini column and washed once with RWT buffer and twice with RPE buffer 

solutions provided by the kit. After drying the membrane by centrifugation with an open lid 

at 14,000x g for 1 minute, the RNA samples were eluted in 20 µl nuclease-free water (Carl 

Roth, GER).  

 RNA quality testing  

RNA concentration and purity were determined on the DeNovix spectrophotometer 

(Wilmington, USA) according to the manufacturer’s instructions using 1 µl of RNA sample. RNA 

quality was checked via standard gel electrophoresis. 1 µg RNA was mixed with RNA loading 

buffer (deionized formamide and SYBR green in Tris-borate-EDTA/TBE buffer) and 

denaturated for 15 minutes at 65°C. Samples were then separated in a 1.2% agarose (Thermo 

Fisher Scientific, USA) gel at 60V for 2 hours. Finally, the gel was analyzed on the Chemidoc 
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Touch Imaging System (Biorad, USA) for intact 28S and 18S RNA bands. Only samples with 

good RNA quality were used for further analysis.  

 RNA Precipitation 

The purity of RNA was improved by performing ethanol precipitation. Briefly, RNA was mixed 

with 3M sodium acetate (Thermo Fisher Scientific, USA), glycogen (Thermo Fisher Scientific, 

USA) and 100% ethanol (Kiel, GER) and stored for 3 hours (or overnight) at -80°C. Samples 

were then centrifuged at 10000 rpm for 15 minutes and supernatants were discarded. Finally, 

samples were washed once with 70% ethanol, pellets were air-dried and dissolved in nuclease-

free water. 

 RNA reverse transcription 

The RNA was converted to complementary DNA (cDNA) by using the Quantitect Reverse 

Transcription Kit (Qiagen, GER) according to the manufacturer’s instructions. To remove 

residual genomic DNA (gDNA), 500 ng of RNA sample was incubated with 2 µl gDNA wipeout 

buffer for 5 minutes at 42°C. Afterwards, the master mix for the reverse transcription 

containing the enzyme, buffer and a random hexamer primer mix was added to the samples 

and incubated at 42°C for 30 minutes and then 3 minutes at 95°C. The cDNA samples were 

diluted 1:10 prior to PCR. 

 qRT-PCR  

Quantitative real-time polymerase chain reaction (qRT-PCR) was performed on LightCycler 

480 (Roche, GER). 2.6 µl of cDNA was incubated with LightCycler 480 SYBR Green I Master Mix 

(Roche, GER), 0.3 µl of forward and reverse primer each (10 pmol/µl) and nuclease-free water 

in a total volume of 10 µl per well. Primer sequences used in this experiment are listed under 

Materials section. The thermal cycling conditions were applied as follows: 
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Roche LightCycler  480 System Temperature Time (min:sec) 

Denature 95°C 10:00 

Amplification (45 cycles) 95°C 00:10 

 60°C 00:15 

 72°C 00:10 

 78°C 00:01 

Melting Curve 95°C 00:05 

 60°C 01:00 

 99°C continuous (0.11°C/sec) 

Cool Down 40°C 00:10 

                             Table 9. Light Cycler protocol for qRT-PCR. 

After the PCR run, the melting curves were evaluated to ensure generation of specific PCR 

products. The fold change of genes was calculated based on the delta delta cycle threshold 

(ddCt) method using the mean values of gene hypoxanthine phosphoribosyltransferase 

(HPRT) and ribosomal protein L32 (RPL32) as reference.  

 HRV-16 qRT-PCR  

HRV-16 genomic RNA expression in NHBE cells were assessed by qRT-PCR using a custom 

designed TaqMan primers and probe mix (Thermo Fisher Scientific, USA). 2 µl of cDNA was 

incubated with TaqMan Fast Advanced Master Mix (Thermo Fisher Scientific, USA), 1 µl of 

primer/probe mix and nuclease-free water in a total volume of 20 µl per well. Primer and 

probe sequences are listed under Materials section. The thermal cycling conditions were 

applied as follows: 

Roche LightCycler 480 System UNG activation Polymerase Activation PCR (40 cycles) 

 Hold Hold Denature Extend 

Temperature 50°C 95°C 95°C 60°C 

Time (min:sec) 02:00 00:20 00:03 00:30 

Table 10. Light Cycler protocol for HRV-16 qRT-PCR. 

After the PCR run, the Ct value was converted to copy number based on the standard curve. 

By running PCR of cDNA samples prepared from serially diluted HRV-16 suspensions (copy 

number of 106, 105, 104, 103), the standard curve (Ct value vs. copy number) was generated to 

permit absolute quantification. The detection limit corresponded to a total copy number of 

103. 
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7.3 Single-cell RNA sequencing (scRNA-seq) 

 Cell suspension preparation at ALI 

Experiments were performed according to the final setup as described in 7.1.3.2.3. At the end 

of experiment, NHBE cells at ALI were washed apically and basally with 0.5 ml and 1 ml of pre-

warmed HEPES buffered saline solution, respectively. Later, cells were detached from the 

membrane by adding 200 µl and 1 ml pre-warmed trypsin/EDTA from the apical and 

basolateral side, respectively, and incubated for up to 7 minutes in 37°C. A total 1.2 ml of cell 

mixtures were then collected and transferred to a falcon tube contains 2.4 ml of TNS in order 

to inactivate trypsin. Residual cells were collected by rinsing the transwell insert with 1.5 ml 

HEPES buffered saline solution. After pelleting the cells for 5 minutes at 220x g at room 

temperature, the cell suspensions were resuspended in HBSS.  

 Sample tag labelling and viability staining 

Eight cell suspension samples were collected from each independent experiment and were 

then proceeded to sample tag labelling. Briefly, each sample was incubated with the 

corresponding sample tag oligo for 20 minutes at room temperature, by using Human Single-

Cell Multiplexing Kit (BD Biosciences, USA). Later, the labelled cells were washed three times 

with 2 ml of Pharmingen stain buffer (BD Biosciences, USA) and resuspended in cold sample 

buffer provided in BD Rhapsody™ Cartridge Reagent Kit (BD Biosciences, USA). Finally, cells 

were stained with calcein (Thermo Fisher Scientific, USA) and deep red anthraquinone 7 

(DRAQ7) (BD Biosciences, USA) by incubating at 37°C for 5 minutes, and then counted and 

evaluated for viability via BD Rhapsody™ scanner (BD Biosciences, USA).  

 Single-cell transcriptome capture and cDNA reverse transcription 

Single-cell transcriptome capture was performed by using BD Rhapsody™ Enhanced Cartridge 

Reagent Kit (BD Biosciences, USA) and BD Rhapsody™ Cartridge Kit (BD Biosciences, USA), on 

the BD Rhapsody™ scanner and BD Rhapsody Express Single-Cell Analysis System (BD 

Biosciences, USA). Briefly, all eight cell suspension samples from one independent experiment 

prepared from 7.3.2 were pooled to get a total 40,000 cells and loaded into one cartridge, 

according to the calculation given by the BD Rhapsody™ scanner. Later, the oligonucleotide 

barcoded beads were prepared and loaded onto the cartridge, allowing a single bead to pair 

with a single cell. The lysing buffer was then loaded onto the cartridge. In each microwell, a 

single cell was lysied and the released messenger RNA (mRNA) molecules and the sample tag 
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oligos were hybridized to a single bead. Subsequently, beads from one cartridge were 

collected into a single tube and on-bead reverse transcription was performed by using BD 

Rhapsody cDNA Kit (BD Biosciences, USA). Therefore, each cDNA molecule and sample tag on 

a single bead was tagged on the 5’ end with its unique molecular identifiers (UMI) and the 

same cell label information denoting its cell of origin.  

 Library preparation and sequencing 

The single-cell transcriptome library preparation was performed using the BD Rhapsody™ 

Whole Transcriptome Analysis (WTA) Amplification Kit (BD Biosciences, USA), according to the 

manufacturer’s instructions. Half of the products (approximately 20,000 cells) prepared from 

7.3.3 were taken for the library preparation. In brief, sample tags with barcode information 

were first denatured off of the beads and amplified through PCRs. Meanwhile, cDNAs 

underwent on-bead random primer hybridization, extension and universal amplification via 

PCRs. The resulting cDNAs and sample tag PCR products were used to generate the cDNA 

library and sample tag library, respectively, by adding full-length Illumina sequencing adapters 

and library indices through PCR. The concentration of libraries was then measured by using 

Qubit dsDNA High Sensitivity DNA Assay (Thermo Fisher Scientific, USA) on Qubit 3.0 

Fluorometer (Thermo Fisher Scientific, USA), the library size and integrity were assessed with 

Agilent DNA High Sensitivity Kit (Agilent Technologies, GER) on Bioanalyzer (Agilent 

Technologies, GER).  

Finally, three independent experiments (two healthy donors) were performed and the cDNA 

library and sample tag library from same experiment were ligated with the same library 

indexing primer. Therefore, a total of six libraries were pooled with the cDNA library/sample 

tag library ratio of 32.68/0.65% to achieve a final concentration of 2nM and proceeded to a 

single sequencing run. scRNA-seq was performed at the Institute of Clinical Molecular Biology, 

Christian-Albrechts-University of Kiel, following the manufacturer’s protocols. Briefly, final 

pooled library was spiked with 3% PhiX control DNA to increase sequence complexity and 

sequenced with a final loading concentration of 170pM on the NovaSeq platform (200 cycles, 

paired end, S4 flow cell, Illumina, USA).  

 scRNA-seq data analysis  

Following scRNA-seq, data were first de-multiplexed into six FASTQ files for six libraries, based 

on the sequences of library indexing primers. FASTQ files were then pre-analyzed on 
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SevenBridges Genomics (BD Biosciences, USA) using BD Rhapsody WTA analysis pipeline (BD 

Biosciences, USA). Reads with the same cell label, same UMI sequence and mapping to the 

same gene were collapsed into a single molecule. The recursive substitution error correction 

(RSEC) UMI adjustment algorithm was used to obtain the gene expression matrixes (UMI 

counts per cell) and sample tag identifiers in a comma-separated values (CSV) format.  

For further analyses, UMI counts table and sample tag identifiers from the same cartridge 

were read in the SeqGeq bioinformatics platform (BD Biosciences, USA), allowing the sample 

de-multiplexing. Later, the de-multiplexed data from three cartridges were concatenated 

together and normalized to counts per 10,000 reads. Quality control was then performed by 

removing the low quality cells (for example empty wells or multiplets), allowing the high-

quality cells visualized on the Uniform Manifold Approximation and Projection (UMAP) plots 

by ultilizing the top 15 principal components. The PhenoGraph algorithm provided in SeqGeq 

was then used to perform the unsupervised clustering of the single-cell samples. The 

identification of marker genes was used to distinguish cell clusters from one another, 

facilitating assignment of specific cell types.  

7.4 Genome-wide DNA methylation quantification 

 DNA extraction 

NHBE cells at ALI were washed apically and basally, harvested by cutting the membrane (with 

cells attached) out of the transwell insert and putting into a fresh 1.5 ml reaction tube. 

Immediately after harvesting, cells were snap frozen in liquid nitrogen and afterwards stored 

at -80°C before performing DNA extraction. The deoxyribonucleic acid (DNA) was extracted by 

using AllPrep DNA/RNA Micro Kit (Qiagen, GER) following the manufacturer’s instructions. 

Briefly, cells were first disrupted and detached from the membrane by mixing with 350 µl of 

buffer RLT plus containing 1% of β-mercaptoethanol (Carl Roth, GER) and vortexing on MS3 

basic at full speed for 3-4 times, the membrane was then discarded and the lysates were 

transferred to an AllPrep DNA spin column. After washing once with buffer AW1 and once 

with buffer AW2, DNA was eluted in 50 µl pre-heated buffer EB provided in the kit. The 

concentration and purity of DNA was determined on the DeNovix spectrophotometer 

according to the manufacturer’s instructions using 1 µl of DNA sample. Additionally, DNA was 

quantified on the Qubit 3.0 Fluorometer using the Qubit dsDNA High Sensitivity Assay Kit with 

a 2 µl DNA sample. 
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 DNA Precipitation 

The purity of DNA was improved by performing ethanol precipitation. Briefly, DNA was mixed 

with 3M sodium acetate, glycogen and 100% ethanol and stored for 3 hours (or overnight) at 

-80°C. Samples were then centrifuged at 10000 rpm for 15 minutes and supernatants were 

discarded. Finally, samples were washed once with 70% ethanol, pellets were air-dried and 

dissolved in buffer EB. 

 Genome-wide DNA methylation detection and analysis 

500 ng of genomic DNA was bisulfite-converted with EZ DNA Methylation Kit (Zymo Research, 

USA), and DNA methylation was then quantified by using Illumina Infinium MethylationEPIC 

Beadchip (Illumina, USA). The chip visualization was performed with the iScanSQ system 

(Illumina, USA). This experiment was carried out at the Institute of Clinical Molecular Biology, 

Christian-Albrechts-University of Kiel.  

DNA methylation data was analyzed on Partek Genomics Suites (Partek lnc., USA). Data was 

first normalized by performing NOOB (normal-exponential out-of-band) background 

correction, and the same methylation level distribution across samples was validated by 

sample histogram and box & whisker plot (Figure S1 and Figure S2). The methylation level of 

each CpG was denoted as a β-value, which was calculated as the fraction signal from the 

methylated beads over the sum of methylated and unmethylated bead signals. β-values were 

transformed into M-values in order to perform statistical comparison, and the CpG to gene 

mapping was conducted following Illumina specifications.  

7.5 Inflammatory mediator quantification 

Inflammatory mediators including IFN-β, IFN-ʎ1, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12p70, CXCL10 and 

granulocyte macrophage colony-stimulating factor (GM-CSF) were measured by using MSD U-

PLEX Biomarker Group 1 (human) 96-well Multiplex Assays (Meso Scale Diagnostics, USA), 

according to the manufacturer’s instruction. 

This assay is based on a sandwich enzyme-linked immunosorbent assay (ELISA) method. First, 

to prepare individual linker-coupled antibody solution, each biotinylated capture antibody 

was coupled to a unique linker by mixing of 200 µl antibody with 300 µl Linker followed by 30 

minutes of incubation. The coupling process was stopped by adding 200 µl of stop solution 

and incubated for additional 30 minutes. Later, the multiplex coating solution was prepared 
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by combining 600 µl of each linker-coupled antibody solution (a total of 10 antibodies) 

together, then was added to each well and incubated at room temperature while shaking for 

one hour. The plate was washed for three times with 150 µl MSD wash buffer and ready to be 

used. 

25 µl of Assay Diluent 43 was first added to each well of the coated plate. Afterwards, 25 µl of 

sample (NHBE cell culture supernatants) or calibrator standard was added and followed with 

50 µl of detection antibody. The plate was incubated on a shaker for one hour at room 

temperature and then washed with 150 µl MSD wash buffer for three times. Finally, 150 µl of 

Read Buffer T was added to each well and the plate was analyzed on Meso QuickPlex SQ120 

platform (Meso Scale Diagnostics, USA). 

7.6 Histology 

NHBE cells at ALI were washed twice with DPBS from the apical and basal side, and fixed in 4% 

paraformaldehyde (Morphisto, GER) for 30 minutes at room temperature. Afterwards, the 

membrane (with cells attached) were cut out of the transwell insert and embedded in 2% 

agarose (Thermo Fisher Scientific, USA) to protect them during the dehydration in the spin 

tissue processor (Thermo Fisher Scientific, USA). Later, the samples were embedded in 

paraffin with the membrane in a vertical position by using an embedding station (Thermo 

Fisher Scientific, USA). Paraffin-embedded samples were cut on Microtome HM340E (Thermo 

Fisher Scientific, USA) into 3 µm thick sections, dried on SuperFrost®Plus slides (Langenbrinck, 

GER) at 37°C in an incubator overnight and stored until further processing. 

The fixed samples were stained with Periodic Acid-Schiff (PAS) dye (Carl Roth, GER) following 

manufacturer’s instructions. The PAS stain is to oxidize the glycol groups to aldehyde groups 

by the periodic acid, these aldehyde groups can react to the fuchsin sulfurous acid in the 

Schiff’s reagent, which form the magenta color. Hence, the mucosubstances are 

demonstrated in pink, while the nuclei are stained blue by hematoxylin. Briefly, 

deparaffinization was first carried out by incubating the samples in xylol (three times, 5 min), 

99% ethanol (two times, 5 min), 96% ethanol (two times, 5 min), 70% ethanol (one time, 5 

min), and distilled water (one time, 5 min). Afterwards, the de-paraffinized sections were 

incubated in periodic acid solution for 10 minutes, then rinsed with flowing tap water for 10 

minutes, washed with distilled water (two times, 2 min), and finally stained with Schiff’s 

reagent for another 15 minutes. Later, the sections were rinsed again for 5 minutes with 
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flowing tap water and washed quickly with distilled water. For staining of the nuclei, the 

sections were kept for 5 minutes in Mayer’s Hematoxylin, washed with flowing water for 15 

minutes and rinsed quickly with distilled water. The samples were then dehydrated in 70% 

EtOH (one time, 5 min), 96% EtOH (two times, 5 min), 99% EtOH (two times, 5 min) and xylol 

(three times, 5 min). Finally, the sections were covered with a coverslip and entellan (Merck, 

GER) and were examined under a microscope (BX41, Olympus, GER).  

7.7 Annexin V-FITC and PI apoptotic analysis 

In order to determine the apoptotic rate, NHBE cells were stained with Annexin V- Fluorescein 

isothiocyanate (FITC) Apoptosis Detection Kit (Thermo Fisher Scientific, USA) following 

manufacturer’s instructions. Briefly, NHBE cell suspension were prepared from ALI as 

described in 7.3.1 and stained with FITC-conjugated Annexin V for 10 minutes at room 

temperature in dark. Cells were then washed once with binding buffer and stained with 

propidium iodide (PI) in the dark for another 10 minutes at room temperature. Finally, 100 µl 

binding buffer was added to the cells and the mixtures were proceeded directly to a flow 

cytometer (BD Bioscience, USA). The data was analyzed on FACSDivaTM Software (BD 

Bioscience, USA). Annexin V-FITC negative/PI negative cell populations were considered alive, 

and Annexin V-FITC positive/PI negative cell populations were considered apoptotic, while 

Annexin V-FITC negative/PI positive or Annexin V-FITC positive /PI positive cell populations 

were considered necrotic. 

7.8 LDH cytotoxicity analysis 

Cytotoxicity was determined by measuring the level of LDH in cell culture supernatants, using 

an LDH Cytotoxicity Detection Kit (Roche, GER) following manufacturer’s instructions.  

Briefly, reaction mixture was prepared by pooling the catalyst and dye solution as a ratio of 

1/49. High control (maximum LDH release) was prepared by collecting the supernatants from 

2% Triton X-100 treated cells, and low control (spontaneous LDH release) was collected from 

untreated cells. Next, 100 µl of culture supernatants (experimental samples, high control and 

low control) were added to each well of a 96-well plate (Corning, USA) and incubated with 100 

µl reaction mixture for up to 30 minutes at room temperature in the dark. A multiplate reader 

(Tecan Sunrise, GER) was then used to measure the absorbance of all samples at 490 nm. The 

LDH release was calculated according to the formula: %𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 =

( 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑙𝑜𝑤 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)/(ℎ𝑖𝑔ℎ 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑙𝑜𝑤 𝑐𝑜𝑛𝑡𝑟𝑜𝑙) × 100 . Finally, 
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the relative cytotoxicity was expressed as %cytotoxicity of treatment group relative to 

%cytotoxicity of control group. 

7.9 Statistical analysis 

The data were tested for normal distribution using column statistics with the D'Agostino 

omnibus normality test. Normally distributed data were analyzed by unpaired, parametric 

Student's t-test (t-test) or one-way analysis of variance (ANOVA) with Tukey post-hoc test for 

more than two groups. For data with two independent variables, two-way ANOVA with Tukey 

post-hoc test was used. Results are expressed as mean ± standard deviation (SD) or mean ± 

standard error of the mean (SEM). Data were analyzed using Graph Pad Prism Version 8.0 

(GraphPad Software, USA) and statistical significance was accepted with p-values <0.05. 

For scRNA-seq data, analyses were carried out on the SeqGeq bioinformatics platform. 

Differentially expressed genes (DEGs) were defined as fold change > 1.5 (up or down) and p-

values < 0.05 by the Bonferroni correction for multiple testing. In addition, to compare 

difference in the expression of genes including RIG-1, ISG20, CXCL10 and KRT6A, statistical 

significance was accepted with fold change > 1.0 (up or down) and Bonferroni corrected p-

values or Benjamini-Hochberg false discovery rate (FDR) adjusted p-values < 0.05. The DNA 

methylation data was analyzed on Partek Genomics Suites. CpGs with delta β-value (Δβ-value) 

> 3%, < -3% and p-values < 0.05 as defined by two-way ANOVA method were considered as 

differentially methylated CpGs (DMPs). 
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8 Results  

8.1 Influence of poly I:C and IL-13 on NHBEs at ALI 

To find out whether the ALI cultured NHBE cells are capable of responding to repeated 

stimulation of poly I:C, which is a synthetic double-stranded RNA mimic that activates TLR3 

similarly to the living virus. Cells were first treated with poly I:C every three days repetitively 

for three-times and then exposed to IL-13 to induce the ‘asthma-like’ changes, readouts were 

investigated after one (day 17), four (day 20) and seven days (day 23) of IL-13 exposure. 

 mRNA expression of IL-8 and MUC5AC in NHBEs upon poly I:C and IL-13 

In NHBE cells, repeated poly I:C treatment with or without IL-13 significantly enhanced the IL-

8 mRNA expression, at day 20 and day 23 when compared to controls, whereas no difference 

was found at day 17 (Figure 9A). Exposure of IL-13 increased the expression level of Mucin 

5AC (MUC5AC) at day 17, day 20 and day 23. And at day 20, co-stimulated cells had an 

enhanced MUC5AC expression compared with controls or repeated poly I:C treated ones 

(Figure 9B). 
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Figure 9. Fold change in IL-8 and MUC5AC mRNA expression of NHBEs upon poly I:C and IL-13.  
A) IL-8; B) MUC5AC. Data are shown as mean ± SD (n=3 replicates of 3 different donors). Two-way ANOVA with Tukey's 
multiple comparison test (black stars); unpaired, parametric t-test (red stars). *p<0.05, **p<0.01, ***p<0.001. Three-times 
poly I:C treatment (Poly I:Cx3). 

 Morphological changes of NHBEs upon poly I:C and IL-13 

PAS staining was performed to examine the morphological structure of NHBE cells. At day 17 

of ALI culture, they were almost three cells in depth with visible ciliated and goblet cells, and 

then became increasingly columnar and pseudostratified afterwards. At day 23, they grow to 

a thick epithelium with columnar ciliated cells and goblet cells. The repeated poly I:C 
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treatment, the single IL-13 exposure as well as co-stimulation of both resulted in the goblet 

cell hyperplasia. This was especially visible in IL-13 exposed and co-stimulated cells at day 23, 

and accompanied by the cilia loss and cell detachment (Figure 10).  
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Figure 10. PAS staining of NHBEs upon poly I:C and IL-13 (100-fold magnification).  
Representative images of n=3 biological replicates. Three-times poly I:C treatment (Poly I:Cx3). 

8.2 Kinetic analysis of HRV-16 replication in NHBEs upon HRV-16 inoculation 

Having shown that NHBE cells were able to exert the IL-8 response upon repeated poly I:C 

stimulation and to demonstrate a hyper-mucin reaction under IL-13 exposure. I next aimed to 
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study their response to repetitive HRVI and therefore first investigated the kinetic pattern of 

viral replication following a single-time HRV-16 inoculation.   

The intracellular HRV-16 genomic RNAs were expressed in a dose-dependent manner. The 

viral RNA expression level was significantly increased at day 15, day 16 and day 17 when 

compared with day 14 in the high dose infection group, and its peak level was observed at day 

15. In the low dose infection group, the expression of viral RNA significantly peaked at day 15 

and then returned to a near undetectable level at day 20 (Figure 11).  

 
Figure 11. HRV-16 genomic RNA expression in NHBEs upon HRV-16 inoculation.  
Data are shown as mean ± SEM (n=4 replicates of 4 different donors). Two-way ANOVA with Tukey's multiple comparison 
test, compare each time point with day 14. No detection of viral RNAs in mock-infection group, data not shown. The limit of 
detection corresponded to a total copy number of 103.  

8.3 Influence of repetitive HRVI and IL-13 on NHBEs at ALI 

 Experiment setup establishment  

8.3.1.1 Apoptotic analysis of NHBEs upon HRV-16 and IL-13 

Next, in order to characterize the responses of NHBE cells upon repeated HRVI, cells were 

infected with HRV-16 every three days repetitively for three-times and then exposed to IL-13 

for four days (initial experiment setup as shown in Figure 6).  

To test if cells remained viable after the treatments, Annexin V-FITC and PI staining was 

performed to determine necrosis/apoptosis at the end of experiment. More than 80% cells 

survived after repetitive HRVI (both doses). However, additional IL-13 exposure significantly 

decreased the number of live cells and increased number of necrotic cells, upon repetitive 

HRVI with the higher MOI of 0.05 (Figure 12A). 
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Later, the experiment setup was optimized by extending the infection interval from three days 

to seven days, and reducing IL-13 exposure from four days to two days (as shown in Figure 7). 

In this optimized setup, neither HRV-16 or IL-13 induced a significant necrosis or apoptosis, 

above 80% of live cells were detected in all treatment groups (Figure 12B). 
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Figure 12. Annexin V-FITC & PI staining of NHBEs. 
A) Initial setup; B) Optimized setup. Data are shown as mean ± SD (n=3 replicates of 3 different donors). Two-way ANOVA 
with Tukey's multiple comparison test (no significance); unpaired, parametric t-test (red stars). *p<0.05. Three-
times/repetitive HRV-16 infection (HRVIx3).  

8.3.1.2 mRNA expression of CXCL10 in NHBEs upon HRV-16 and IL-13  

Next, the immune responses of NHBE cells were studied by assessing the CXCL10 mRNA 

expression at the end of experiment. In both the initial and optimized setup, either HRV-16 or 
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IL-13 had a significant effect on CXCL10 expression (Figure 13A-B). Nevertheless, in the 

optimized setup, the fold-change appeared to be 20 times higher compared with the initial 

setup, and a trend for higher CXCL10 expression was induced by repetitive HRVI with the lower 

infectious dose (MOI=0.01) (Figure 13B).  
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Figure 13. Fold change in CXCL10 mRNA expression of NHBEs.  
A) Initial setup; B) Optimized setup. Data are shown as mean ± SD (n=3 replicates of 3 different donors). Two-way ANOVA 
with Tukey's multiple comparison test. Three-times/repetitive HRV-16 infection (HRVIx3). 

Given the lower necrosis rate and the stronger CXCL10 responses detected, the optimized 

setup was chosen and further adjusted. Specifically, to avoid exhaustion of NHBE cells from 

the repetitive infection, HRV-16 infectious dose was reduced to MOI of 0.001. In addition, one-

time and two-times HRVI were included in order to better understand the training effect of 

HRVI. This final experimental setup (as shown in Figure 8) has been chosen for further 

experiments. 

 Kinetic analysis of HRV-16 replication in NHBEs upon repetitive HRVI 

Over the period of repetitive HRVI with MOI of 0.001, the intracellular viral RNA level was 

monitored every other day from day 15 until day 33. The viral RNA expression level peaked at 

3dpi, then declined to undetectable at 5dpi after the first and second infection except the last 

one, where detection of residual viral RNAs was limited to a single experiment (Figure 14).  
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Figure 14. HRV-16 genomic RNA expression in NHBEs upon repetitive HRVI.  
Data are shown as mean ± SEM (n=3 replicates of 2 different donors). Two-way ANOVA with Tukey's multiple comparison 
test, compare each time point with day 14. No detection of viral RNAs in mock-infection group, data not shown. The limit of 
detection corresponded to a total copy number of 103. 

 Cytotoxicity of NHBEs upon HRV-16 and IL-13 

Following the one-time, two-times, three-times (which is referred to as repetitive infection in 

this thesis) HRVI and IL-13 exposure, cytotoxicity was determined by measuring the LDH level 

in the cell culture supernatants at the end of experiment. HRV-16 appeared to increase the 

LDH level within a single experiment. Nonetheless, no significant cytotoxicity was induced by 

any of the treatments (Figure 15).  
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Figure 15. Relative cytotoxicity of NHBEs upon HRV-16 and IL-13. 
Data are shown as mean ± SD (n=4 replicates of 2 different donors). Two-way ANOVA with Tukey's multiple comparison test. 
One-time HRV-16 infection (HRVIx1), two-times HRV-16 infection (HRVIx2), three-times/repetitive HRV-16 infection (HRVIx3). 
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 Morphological change of NHBEs upon HRV-16 and IL-13 

Having demonstrated that repetitive HRVI did not lead to accumulation of viral burden or any 

significant cytotoxicity in NHBE cells. The morphological structure of cells was then assessed 

by performing PAS staining on cross-section samples at the end of experiment. On day 37 at 

ALI, NHBE cells grow into pseudostratified epithelial layers with columnar ciliated cells and 

goblet cells. No obvious structural changes were induced by HRV-16 (one-time, two-times, 

repetitive HRVI); whilst exposure of IL-13 resulted in the goblet cell hyperplasia and mucus 

over-production, which was especially visible in the repetitive HRV-16 infected cells (Figure 

16). 
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Figure 16. PAS staining of NHBEs upon HRV-16 and IL-13 (100-fold magnification).  
Representative images of n=3 biological replicates. Without IL-13 (w/o IL-13), one-time HRV-16 infection (HRVIx1), two-times 
HRV-16 infection (HRVIx2), three-times/repetitive HRV-16 infection (HRVIx3). 

 mRNA expression of RIG-1 and CXCL10 in NHBEs upon HRV-16 and IL-13 

Having revealed that NHBE cells exhibited ‘asthma-like’ morphological changes by IL-13 

exposure, I then assessed their anti-viral responses by checking the mRNA expression of RIG-

1 and CXCL10 at the end of experiment.  

Repetitive and two-times HRV-16 infected cells had an enhanced RIG-1 expression compared 

to mock-infected ones (Figure 17A), they expressed significantly higher level of RIG-1 in 

response to IL-13 compared with mock-infected or one-time HRV-16 infected ones (Figure 

17B). Interestingly, IL-13 enhanced RIG-1 expression in the repetitive and two-times HRV-16 

infected cells (Figure 17B). A trend of increased CXCL10 expression was induced by HRVI 

(Figure 17C).  The repetitive HRV-16 infected cells had a significant higher expression level of 

CXCL10 upon IL-13 compared with mock-infected ones (Figure 17D). 
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Figure 17. Fold change in RIG-1 and CXCL10 mRNA expression of NHBEs upon HRV-16 and IL-13.  
A/B) RIG-1; C/D) CXCL10. Data are shown as mean ± SD (n=4 replicates of 2 different donors). Two-way ANOVA with Tukey's 
multiple comparison test (black stars); unpaired, parametric t-test (red stars). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
One-time HRV-16 infection (HRVIx1), two-times HRV-16 infection (HRVIx2), three-times/repetitive HRV-16 infection (HRVIx3). 

 Cytokine production of NHBEs upon HRV-16 and IL-13 

As indicated above that repetitive HRVI was able to train the epithelial anti-viral responses, I 

next aimed to corroborate the findings at the protein level. Therefore, the release of 

inflammatory mediators in cell culture supernatants was assessed at the end of experiment 

via MSD.  

Repetitive and two-times HRV-16 infected cells released more CXCL10 and IFNʎ1 compared to 

mock-infected ones (Figure 18A and Figure 18C), and they had a higher production level of 

CXCL10 and IFNʎ1 in response to IL-13 compared with mock-infected or one-time HRV-16 

infected ones (Figure 18B and Figure 18D). Similarly, release of IL-8 and IL-10 was significantly 

increased in repetitive HRV-16 infected cells upon IL-13, in comparison with mock-infected or 

one-time HRV-16 infected ones (Figure 18E-F). Of note, IL-13 elevated the production level of 

IFNʎ1 and IL-8 in repetitive HRV-16 infected cells (Figure 18D-E). 

Additionally, repetitive HRV-16 infected cells had an increased production of IL-4 and IL-5 

upon IL-13 exposure, compared to one-time HRV-16 infected or mock-infected ones (Figure 

18G-H).  

Overall, the highest amount of above inflammatory mediators was released by the repetitive 

HRV-16 infected cells. 

Neither HRV-16 or IL-13 had impact on the production of IFNβ, IL-6, IL-12p70 or GM-CSF 

(Figure S3). 
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Figure 18. Production of inflammatory mediators of NHBEs upon HRV-16 and IL-13.  
A/B) CXCL10; C/D) IFNʎ1; E) IL-8; F) IL-10, G) IL-4; H) IL-5. Data are shown as mean ± SD (n=4 replicates of 2 different donors). 
Two-way ANOVA with Tukey's multiple comparison test (black stars); unpaired, parametric t-test (red stars). *p<0.05, 
**p<0.01, ***p<0.001. One-time HRV-16 infection (HRVIx1), two-times HRV-16 infection (HRVIx2), three-times/repetitive 
HRV-16 infection (HRVIx3). 

 scRNA-seq 

Although the results had shown until here that the airway epithelium responds by increasingly 

higher cytokine/chemokine secretion with increasing numbers of HRVI, it remained unclear to 

which extent the single epithelial cell populations participate in this training. Therefore, 

scRNA-seq was performed to further understand the responses of NHBE cells at the single cell 

level.  

8.3.7.1 Viability of NHBEs 

Prior to single-cell transcriptome capture, calcein and DRAQ7 staining were performed to 

assess the cell viability, and it demonstrated more than 80% of viable cells within the samples 

(Figure 19).   
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Figure 19. Calcein and DRAQ7 staining of NHBEs upon HRV-16 and IL-13.  
Data are shown as mean ± SD (n=3 replicates of 2 different donors). Two-way ANOVA with Tukey's multiple comparison test. 
One-time HRV-16 infection (HRVIx1), two-times HRV-16 infection (HRVIx2), three-times/repetitive HRV-16 infection (HRVIx3). 

8.3.7.2 Cell population identification in NHBEs 

Having confirmed the high viability of the samples, the whole transcriptomes were then 

captured from a total of 105,210 cells within three cartridges from three independent 

experiments, and half of the transcripts (from 52,605 cells) were taken for preparing the final 

sequencing library. During library preparation, there were a loss of 3,851, 6,822 and 4,572 

cells from cartridge 1, cartridge 2 and cartridge 3, respectively. Finally, a total of 37,358 

putative cells were called by the Rhapsody WTA analysis pipeline, and 19.54%, 21.88% and 

19.43% of multiplets were detected from cartridge 1, cartridge 2 and cartridge 3, respectively 

(Table S1). By filtering out cell multiplets, undetermined cells and cells expressing low mRNA, 

a final set of 28,991 high-quality single-cells were further analyzed. Detailed information of 

cell counts within each cartridge at each experimental step is listed in Table S1. 

A total of 15 distinct cell clusters were identified from the high-quality single-cells. Based on 

the expression of the marker genes forkhead box j1 (Foxj1) and tubulin alpha 1a (TUBA1A), six 

of the cell clusters (c7, c8, c9, c11, c12, c15) appeared to represent ciliated cells; two clusters 

(c1, c4) expressed genes that mark club cell populations which were secretoglobin family 1a 

member 1 (SCGB1A1) and cytochrome p450 family 2 subfamily f member 1 (CYP2F1); three 

clusters (c3, c6, c13) expressed the goblet cell marker genes, MUC5AC and SAM pointed 

domain containing ETS transcription factor (SPDEF); three basal cell clusters (c2, c5, c10) were 

most distinguished by expression of marker genes including keratin 5 (KRT5) and tumor 

protein P63 (TP63). Additionally, there was a low abundance cluster (c14) containing tuft cells 

https://www.sciencedirect.com/topics/immunology-and-microbiology/secretory-cell
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/tp63
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expressed transient receptor potential cation channel subfamily M member 5 (TRPM5) and 

POU class 2 homeobox 3 (POU2F3), PNECs expressed achaete-scute family BHLH transcription 

factor 1 (ASCL1) and ionocytes expressed forkhead box i1 (Foxi1) (Figure 20A). In summary, 

the single-cell samples consisted of 7208 of basal cells, 7795 of ciliated cells, 6430 of goblet 

cells, 6978 of club cells and a set of 580 rare cells contain tuft cells, ionocytes and PNECs 

(Figure 20B-C). Of which, 1005, 2219 and 3984 of basal cells; 3090, 1873 and 2832 of ciliated 

cells; 3987, 766 and 1677 of goblet cells; 3739, 1466 and 1773 of club cells, 270, 127 and 183 

of rare cells were from cartridge 1, cartridge 2 and cartridge 3, respectively (Table S2, Figure 

S4). 
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Figure 20. scRNA-seq: UMAP plot of the clusters and cell types identified in NHBEs. 
A) Unsupervised clusters (identified by Phenograph algorithm); B) Identified cell types; C) Cell counts per cell type. Data are 
from n=3 replicates of 2 different donors. 

8.3.7.3 Whole transcriptome profiling in NHBEs 

scRNA-seq revealed a total set of 30,027 genes. To characterize the effects of HRV-16 or IL-13 

on the transcriptome profile, differential gene expression analysis was carried out by 

comparing the transcriptomes in one-time HRV-16 infected cells, two-times HRV-16 infected 

cells, repetitive HRV-16 infected cells, IL-13 exposed cells with mock-infected ones, 

respectively, in the bulk cell samples and single cell populations except the goblet population 

given that goblet cells were (as expected) undetectable in the mock-infection group.  

8.3.7.3.1 Transcriptome changes in bulk cell samples 

In bulk cell samples, differential  gene expression analysis revealed 17 DEGs (defined as fold 

change > 1.5 (up or down) and Bonferroni corrected p-values < 0.05) in one-time HRV-16 

infected cells compared with mock-infected ones, of which 16 were upregulated and one was 

downregulated (Figure 21A); 25 DEGs in two-times HRV-16 infected cells compared with 

mock-infected ones, of which 24 were upregulated and one was downregulated (Figure 21B); 

and 36 DEGs in repetitive HRV-16 infected cells compared with mock-infected ones, of which 

35 were upregulated and again only one was downregulated (Figure 21C). Finally, 169 DEGs 

were identified in IL-13 exposed cells in comparison with mock-infected ones, of which 114 

were upregulated and 55 were downregulated (Figure 21D). 
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Figure 21. Volcano plot showing DEGs identified in bulk cell samples. 
A) DEGs in HRVIx1 vs. mock-infection; B) DEGs in HRVIx2 vs. mock-infection; C) DEGs in HRVIx3 vs. mock-infection; D) DEGs in 
mock+IL-13 vs. mock-infection. Data are from n=3 replicates of 2 different donors. DEGs are defined as fold change > 1.5 (up 
or down, log2 fold change > 0.58 or < -0.58) and Bonferroni corrected p-values < 0.05. One-time HRV-16 infection (HRVIx1), 
two-times HRV-16 infection (HRVIx2), three-times/repetitive HRV-16 infection (HRVIx3). 

8.3.7.3.2 Transcriptome changes in single cell populations 

Later, single cell populations were investigated. In basal cells, I identified two DEGs that were 

downregulated in one-time HRV-16 infected cells when compared to mock-infected ones; two 

DEGs in two-times HRV-16 infected cells compared with mock-infected ones, of which one 

was upregulated and one was downregulated; and two DEGs in repetitive HRV-16 infected 

cells compared with mock-infected ones, of which one was upregulated and one was 

downregulated (Figure 22A). In addition, 162 IL-13-induced DEGs were identified, of which 

111 were upregulated and 51 were downregulated (Figure 22B).  
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Figure 22. Summary of DEGs identified in basal cells.  
A) DEGs in HRVIx1 vs. mock-infection, HRVIx2 vs. mock-infection, HRVIx3 vs. mock-infection; B) DEGs in mock+IL-13 vs. mock-
infection. Data are from n=3 replicates of 2 different donors. DEGs are defined as fold change > 1.5 (up or down, log2 fold 
change > 0.58 or < -0.58) and Bonferroni corrected p-values < 0.05. One-time HRV-16 infection (HRVIx1), two-times HRV-16 
infection (HRVIx2), three-times/repetitive HRV-16 infection (HRVIx3). 

In ciliated cells, 21, 24 and 30 DEGs were identified in one-time, two-times and repetitive HRV-

16 infected cells, respectively, when compared with mock-infected ones; of which all were 

upregulated (Figure 23A-C). In addition, 52 DEGs were induced by IL-13 exposure, of which 38 

were upregulated and 14 were downregulated (Figure 23D).  
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Figure 23. Volcano plot showing DEGs identified in ciliated cells. 
A) DEGs in HRVIx1 vs. mock-infection; B) DEGs in HRVIx2 vs. mock-infection; C) DEGs in HRVIx3 vs. mock-infection; D) DEGs      
in mock+IL-13 vs. mock-infection. Data are from n=3 replicates of 2 different donors. DEGs are defined as fold change > 1.5 
(up or down, log2 fold change > 0.58 or < -0.58) and Bonferroni corrected p-values < 0.05. One-time HRV-16 infection (HRVIx1), 
two-times HRV-16 infection (HRVIx2), three-times/repetitive HRV-16 infection (HRVIx3). 

In club cells, differential gene expression analysis revealed 22 DEGs in one-time HRV-16 

infected cells compared with mock-infected ones, of which 20 were upregulated and two were 

downregulated (Figure 24A); 31 DEGs in two-times HRV-16 infected cells compared with 

mock-infected ones, of which 29 were upregulated and two were downregulated (Figure 24B); 

and 36 DEGs in repetitive HRV-16 infected cells compared with mock-infected ones, of which 

35 were upregulated and one was downregulated (Figure 24C). Finally, 170 DEGs were 

induced by IL-13, of which 82 were upregulated and 88 were downregulated (Figure 24D).  
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Figure 24. Volcano plot showing DEGs identified in club cells.  
A) DEGs in HRVIx1 vs. mock-infection; B) DEGs in HRVIx2 vs. mock-infection; C) DEGs in HRVIx3 vs. mock-infection; D) DEGs in 
mock+IL-13 vs. mock-infection. Data are from n=3 replicates of 2 different donors. DEGs are defined as fold change > 1.5 (up 
or down, log2 fold change > 0.58 or < -0.58) and Bonferroni corrected p-values < 0.05. One-time HRV-16 infection (HRVIx1), 
two-times HRV-16 infection (HRVIx2), three-times/repetitive HRV-16 infection (HRVIx3). 

8.3.7.4 Identification of antiviral and asthma related DEGs 

Having indicated above that HRV-16 and IL-13 changed the transcriptome profile of NHBE 

cells, I next aimed to discover if any anti-viral or asthma related genes were activated.  

8.3.7.4.1 HRV-16- or IL-13-responsive DEGs in bulk cell samples 

Therefore, in bulk cell samples, I cross-compared the common DEGs identified in one-time, 

two-times and repetitive HRV-16 infected cells, and screened ten antiviral genes: IFI27, IFI44, 

IFI44L, IFI6, IFIT1, IFIT2, IFIT3, IFITM3, ISG15 and STAT1, that were upregulated when 

compared with mock-infected ones. These ten genes were also upregulated in the co-

stimulated cells (co-stimulation of one-time or two-times or repetitive HRVI and IL-13) when 

compared with mock-infected or IL-13 exposed ones (Figure 25). 

In addition, within the top 20 DEGs identified in IL-13 exposed cells, I screened ten asthma 

related genes including ALOX15, CCL26, CD44, CDH26, CST1, NOS2, POSTN, SERPINB2, 

SERPINB4 and SERPINB10, that were upregulated when compared with mock-infected ones. 

Moreover, these ten genes were also upregulated in the co-stimulated cells when compared 

with mock-infected or HRV-16 infected ones (co-stimulation of one-time or two-times or 

repetitive HRVI and IL-13 compared with one-time or two-times or repetitive HRVI, 

respectively) (Figure 25). 
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Figure 25. HRV-16- or IL-13-responsive DEGs in bulk cell samples.  
Data are from n=3 replicates of 2 different donors. DEGs are defined as fold change > 1.5 (up or down) and Bonferroni 
corrected p-values < 0.05. HRV-16-upregulated genes were identified in HRVIx1 vs. mock, HRVIx2 vs. mock, HRVIx3 vs. mock, 
HRVIx1+IL-13 vs. mock, HRVIx2+IL-13 vs. mock and HRVIx3+IL-13 vs. mock; IL-13-upregulated genes were identified in 
mock+IL-13 vs. mock, HRVIx1+IL-13 vs. mock, HRVIx2+IL-13 vs. mock and HRVIx3+IL-13 vs. mock. *HRV-16-upregulated genes 
were also activated in HRVIx1+IL-13 vs. mock+IL-13, HRVIx2+IL-13 vs. mock+IL-13 and HRVIx3+IL-13 vs. mock+IL-13; IL-13-
upregulated genes were also activated in HRVIx1+IL-13 vs. HRVIx1, HRVIx2+IL-13 vs. HRVIx2 and HRVIx3+IL-13 vs. HRVIx3. 
One-time HRV-16 infection (HRVIx1), two-times HRV-16 infection (HRVIx2), three-times/repetitive HRV-16 infection (HRVIx3). 

8.3.7.4.2 HRV-16- or IL-13-responsive DEGs in single cell populations 

Later, I further investigated if the above antiviral and asthma related genes were also activated 

in the single cell populations. 

Ten HRV-16-responsive DEGs including IFI27, IFI44, IFI44L, IFI6, IFIT1, IFIT2, IFIT3, IFITM3, 

ISG15 and STAT1 were upregulated in one-time, two-times and repetitive HRV-16 infected 

ciliated and club cells (Figure 26B-C), whereas not in basal cells (Figure 26A). Ten IL-13-

responsive DEGs including ALOX15, CCL26, CD44, CDH26, CST1, NOS2, POSTN, SERPINB2, 

SERPINB4 and SERPINB10 were upregulated in IL-13 exposed basal and club cells (Figure 26A 

and Figure 26C). Four out of the ten IL-13-responsive DEGs including ALOX15, CDH26, 

SERPINB2 and SERPINB10 were activated in the IL-13 exposed ciliated cells (Figure 26B). 

Additionally, the asthma biomarker KRT6A, was upregulated selectively in the IL-13 treated 

club cells (Figure 26C).  

Furthermore, in ciliated and club population (Figure 26B-C), HRV-16-responsive DEGs were 

also activated in the co-stimulated cells (co-stimulation of one-time or two-times or repetitive 

HRVI and IL-13) when compared with mock-infected or IL-13 exposed ones. And in basal, 
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ciliated and club population (Figure 26A-C), IL-13-responsive DEGs were also activated in the 

co-stimulated cells when compared with mock-infected or HRV-16 infected ones (co-

stimulation of one-time or two-times or repetitive HRVI and IL-13 compared with one-time or 

two-times or repetitive HRVI, respectively). 
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Figure 26. HRV-16- or IL-13-responsive DEGs in single cell populations.  
A) Basal cells; B) Ciliated cells; C) Club cells. Data are from n=3 replicates of 2 different donors. DEGs are defined as fold 
change > 1.5 (up or down) and Bonferroni corrected p-values < 0.05. HRV-16-upregulated genes were identified in HRVIx1 vs. 
mock, HRVIx2 vs. mock, HRVIx3 vs. mock, HRVIx1+IL-13 vs. mock, HRVIx2+IL-13 vs. mock and HRVIx3+IL-13 vs. mock; IL-13-
upregulated genes were identified in mock+IL-13 vs. mock, HRVIx1+IL-13 vs. mock, HRVIx2+IL-13 vs. mock and HRVIx3+IL-13 
vs. mock. *HRV-16-upregulated genes were also activated in HRVIx1+IL-13 vs. mock+IL-13, HRVIx2+IL-13 vs. mock+IL-13 and 
HRVIx3+IL-13 vs. mock+IL-13; IL-13-upregulated genes were also activated in HRVIx1+IL-13 vs. HRVIx1, HRVIx2+IL-13 vs. 
HRVIx2 and HRVIx3+IL-13 vs. HRVIx3. One-time HRV-16 infection (HRVIx1), two-times HRV-16 infection (HRVIx2), three-
times/repetitive HRV-16 infection (HRVIx3). 

8.3.7.5 Training effects of repetitive HRVI on antiviral and asthma related genes 

Since I have demonstrated the activation of antiviral and asthma related genes by HRV-16 and 

IL-13, respectively; I next aimed to investigate whether these genes could be trained by 

repetitive HRVI. 

8.3.7.5.1 Expression of RIG-1, ISG20, CXCL10 and KRT6A in bulk cell samples 

Unfortunately, no training effect was observed in the bulk cell samples on any of the HRV-16-

responsive DEGs identified in the previous chapter. Nevertheless, I further screened three 

anti-viral genes, RIG-1, ISG20 and CXCL10, that were trained by repetitive HRVI.  

Gene RIG-1 and ISG20 were activated by (one-time, two-times, repetitive) HRVI and were 

highest expressed following repetitive HRVI (Figure 27A and Figure 27C). HRV-16 infected cells 

had a higher expression level of RIG-1 and ISG20 in response to IL-13 compared with mock-

infected ones, and the strongest effects were observed in repetitive HRV-16 infected cells 

(Figure 27B and Figure 27D). A trend of increased CXCL10 expression was induced by HRVI, 
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especially repetitive HRVI when compared with mock-infection (Figure 27E).  Cells infected 

with HRV-16 repetitively had an increased expression level of CXCL10 upon IL-13, in 

comparison with mock-infected ones (Figure 27F). Interestingly, IL-13 also enhanced RIG-1, 

ISG20 and CXCL10 expression exclusively in the HRV-16 infected cells (Figure 27B, Figure 27D 

and Figure 27F).  

None of the IL-13-responsive DEGs identified in bulk cell samples was trained by repetitive 

HRVI. Nevertheless, I noted that gene KRT6A, which was identified selectively in club cells, was 

significantly enhanced by the co-stimulation (repetitive HRVI and IL-13) compared with mock-

infection, IL-13 exposure or repetitive HRVI alone (Figure 27G). 

Of note, these four genes, including RIG-1, ISG20, CXCL10 and KRT6A, were upregulated with 

fold changes of 1-1.5 and therefore were not identified as DEGs. 
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Figure 27. mRNA expression of RIG-1, ISG20, CXCL10 and KRT6A in bulk cell samples upon HRV-16 and IL-13. 
A/B) RIG-1; C/D) ISG20; E/F) CXCL10; G) KRT6A. Data are from n=3 replicates of 2 different donors. Bonferroni corrected p-
values (black); FDR adjusted p-values (red). One-time HRV-16 infection (HRVIx1), two-times HRV-16 infection (HRVIx2), three-
times/repetitive HRV-16 infection (HRVIx3). 

8.3.7.5.2 Expression of RIG-1, ISG20, CXCL10 and KRT6A in single cell populations 

Similar as in the bulk cell samples, none of the HRV-16- or IL-13-responsive DEGs except KRT6A 

was trained by repetitive HRVI in single cell populations. Therefore, I further assessed the 

expression of the above four genes including RIG-1, ISG20, CXCL10 and KRT6A in each cell 

type.  

Interestingly, RIG-1 and ISG20 were activated by IL-13 in the mock-infected and (one-time, 

two-times and repetitive) HRV-16 infected basal cells (Figure 28A-B). Neither HRV-16 or IL-13 

had any impact on the expression of CXCL10 or KRT6A in basal cells (Figure 28C-D). 
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Figure 28. mRNA expression of RIG-1, ISG20, CXCL10 and KRT6A in basal cells upon HRV-16 and IL-13. 
A) RIG-1; B) ISG20; C) CXCL10; D) KRT6A. Data are from n=3 replicates of 2 different donors. Bonferroni corrected p-values 
(black); FDR adjusted p-values (red). One-time HRV-16 infection (HRVIx1), two-times HRV-16 infection (HRVIx2), three-
times/repetitive HRV-16 infection (HRVIx3). 

In ciliated cells, RIG-1 and ISG20 were activated by (one-time, two-times, repetitive) HRVI and 

were highest expressed following repetitive HRVI (Figure 29A and Figure 29C). HRV-16 

infected cells had a higher expression level of RIG-1 and ISG20 in response to IL-13 compared 

with mock-infected ones, and the repetitive infected cells still exhibited the strongest effects 

(Figure 29B and Figure 29D). Exposure of IL-13 further amplified the expression level of RIG-1 

in one-time and repetitive HRV-16 infected cells (Figure 29B) and ISG20 in one-time, two-times 

and repetitive HRV-16 infected cells (Figure 29D). A trend of increased CXCL10 expression was 

induced by (one-time, repetitive) HRVI with or without IL-13 exposure, in comparison with 

mock-infection (Figure 29E-F). HRV-16 or IL-13 had no impact on KRT6A expression (Figure 

29G). 



Results 

 

53 
 

A 

M
ock

HRVIx
1

HRVIx
2

HRVIx
3

0.0

0.2

0.4

0.6

0.8

1.0

Ciliated cells: RIG-1

m
R

N
A

 e
xp

re
ss

io
n

(U
M

I c
o

u
n

ts
 p

er
 1

0K
) p=3.00E-13

p=3.00E-13

p=3.00E-13

 

B 

M
ock

HRVIx
1

HRVIx
2

HRVIx
3

0.0

0.5

1.0

1.5

Ciliated cells: RIG-1

m
R

N
A

 e
xp

re
ss

io
n

(U
M

I c
o

u
n

ts
 p

e
r 

1
0

K
)

w/o IL-13

with IL-13

p=0.03
p=5.33E-11

p=3.00E-13

p=3.00E-13
p=3.00E-13

p=2.16E-04
p=3.00E-13

p=3.00E-13

 

C 

M
ock

HRVIx
1

HRVIx
2

HRVIx
3

0.0

0.2

0.4

0.6
Ciliated cells: ISG20

m
R

N
A

 e
xp

re
ss

io
n

(U
M

I c
o

u
n

ts
 p

er
 1

0K
)

p=0.0001

p=2.80E-10

p=0.01

 

D 

M
ock

HRVIx
1

HRVIx
2

HRVIx
3

0.0

0.2

0.4

0.6

0.8

1.0

Ciliated cells: ISG20

m
R

N
A

 e
xp

re
ss

io
n

(U
M

I c
o

u
n

ts
 p

er
 1

0K
)

w/o IL-13

with IL-13

p=0.0006
p=1.60E-10

p=3.00E-13

p=0.0006

p=0.0002
p=3.00E-13

p=6.32E-07
p=0.003

p=3.00E-13

 

E 

M
ock

HRVIx
1

HRVIx
2

HRVIx
3

0.00

0.05

0.10

0.15
Ciliated cells: CXCL10

m
R

N
A

 e
xp

re
ss

io
n

(U
M

I c
o

u
n

ts
 p

e
r 

1
0

K
)

 

F 

M
ock

HRVIx
1

HRVIx
2

HRVIx
3

0.0

0.2

0.4

0.6
Ciliated cells: CXCL10

m
R

N
A

 e
xp

re
ss

io
n

(U
M

I c
o

u
n

ts
 p

er
 1

0K
)

w/o IL-13

with IL-13

 

 

 



Results 

 

54 
 

G 

M
ock

HRVIx
1

HRVIx
2

HRVIx
3

0.0

0.2

0.4

0.6 Ciliated cells: KRT6A
m

R
N

A
 e

xp
re

ss
io

n

(U
M

I c
o

u
n

ts
 p

e
r 

1
0

K
)

w/o IL-13

with IL-13

 

Figure 29. mRNA expression of RIG-1, ISG20, CXCL10 and KRT6A in ciliated cells upon HRV-16 and IL-13. 
A/B) RIG-1; C/D) ISG20; E/F) CXCL10; G) KRT6A. Data are from n=3 replicates of 2 different donors. Bonferroni corrected p-
values (black); FDR adjusted p-values (red). One-time HRV-16 infection (HRVIx1), two-times HRV-16 infection (HRVIx2), three-
times/repetitive HRV-16 infection (HRVIx3). 

In club cells, RIG-1 and ISG20 were activated by (one-time, two-times, repetitive) HRVI with or 

without IL-13 exposure, in comparison with mock-infection (Figure 30A-D). A trend of 

increased CXCL10 expression was induced by repetitive HRVI with or without IL-13 exposure 

(Figure 30E-F). Exposure of IL-13 significantly increased the expression level of KRT6A in both 

mock-infected and (one-time, two-times, repetitive) HRV-16 infected cells (Figure 30G).  
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Figure 30. mRNA expression of RIG-1, ISG20, CXCL10 and KRT6A in club cells upon HRV-16 and IL-13. 
A/B) RIG-1; C/D) ISG20; E/F) CXCL10; G) KRT6A. Data are from n=3 replicates of 2 different donors. Bonferroni corrected p-
values (black); FDR adjusted p-values (red). One-time HRV-16 infection (HRVIx1), two-times HRV-16 infection (HRVIx2), three-
times/repetitive HRV-16 infection (HRVIx3). 
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In goblet cells, the expression level of RIG-1 and ISG20 in the co-stimulated cells was 

significantly higher when compared with IL-13 exposed ones, whereas was lower when 

compared with HRV-16 infected ones (Figure 31A-B). Exposure of IL-13 significantly decreased 

CXCL10 expression level in two-times and repetitive HRV-16 infected cells (Figure 31C). Co-

stimulation of repetitive HRVI and IL-13 significantly increased the expression level of KRT6A, 

in comparison with IL-13 exposure or repetitive HRVI alone (Figure 31D). 
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Figure 31. mRNA expression of RIG-1, ISG20, CXCL10 and KRT6A in goblet cells upon HRV-16 and IL-13. 
A) RIG-1; B) ISG20; C) CXCL10; D) KRT6A. Data are from n=3 replicates of 2 different donors. Bonferroni corrected p-values 
(black); FDR adjusted p-values (red). One-time HRV-16 infection (HRVIx1), two-times HRV-16 infection (HRVIx2), three-
times/repetitive HRV-16 infection (HRVIx3). 
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 DNA methylation 

Until now, I have demonstrated that repetitive HRVI could train an enhanced immune 

response in airway epithelial cells. Next, genome-wide DNA methylation alterations were 

assessed to further understand the possible epigenetic mechanisms underlying the training 

effect.  

8.3.8.1 Genome-wide DNA methylation profiling in NHBEs 

Therefore, DNA methylation levels of a total of 865,859 CpGs in NHBE cells were quantified 

via EPIC BeadChip. Differential DNA methylation analysis was performed by comparing the 

methylation levels of CpGs in one-time HRV-16 infected cells, two-times HRV-16 infected cells, 

repetitive HRV-16 infected cells and IL-13 exposed cells with mock-infected ones, respectively.  

I identified 28,525 DMPs (defined as Δβ-value > 3%, < -3% and p-values <0.05) in one-time 

HRV-16 infected cells, of which 22,138 CpGs were increased and 6,387 CpGs were decreased 

methylated (Figure 32A); 16,281 DMPs in two-times HRV-16 infected cells, of which 11,016 

CpGs were increased and 5,265 CpGs were decreased methylated (Figure 32B); and 19,678 

DMPs in repetitive HRV-16 infected cells, of which 14,396 CpGs were increased and 5,282 

CpGs were decreased methylated (Figure 32C). In addition, 11,108 DMPs including 6,628 

hyper-methylated CpGs and 4,480 hypo-methylated CpGs were identified in IL-13 exposed 

cells (Figure 32D). 
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Figure 32. Volcano plot showing DMPs identified in NHBEs.  
A) DMPs in HRVIx1 vs. mock-infection; B) DMPs in HRVIx2 vs. mock-infection; C) DMPs in HRVIx3 vs. mock-infection; D) DMPs 
in mock+IL-13 vs. mock-infection. Data are from n=3 replicates of 2 different donors. DMPs are defined as CpGs with Δβ-value 
> 3%, < -3% and p-values <0.05. One-time HRV-16 infection (HRVIx1), two-times HRV-16 infection (HRVIx2), three-
times/repetitive HRV-16 infection (HRVIx3). 

8.3.8.2 Methylation changes of antiviral and asthma related genes 

Since previous experiments have demonstrated the role of HRV-16 and IL-13 in regulating the 

expression of antiviral and asthma related genes, I then assessed whether methylation levels 

were changed at these genes identified earlier in section 8.3.6, 8.3.7.4 and 8.3.7.5. 

Within the HRV-16- or IL-13-responsive DMPs demonstrated in the previous chapter, I 

screened five CpGs localized in the anti-viral genes, including cg14879641 in RIG1, cg18443806 

in IFI27, cg26974214 in IFIT1, cg02370832 in IFIT3 and cg13123512 in ISG20, that were 

differentially methylated in one-time HRV-16 infected cells compared with mock-infected 

ones; three CpGs, including cg08367706 in RIG1, cg16919130 and cg04515913 in ISG20, that 

were differentially methylated in two-times HRV-16 infected cells compared with mock-

infected ones; and six CpGs, including cg25087252 in RIG1, cg16341979 in IFI27, cg26974214 

in IFIT1, cg02370832 in IFIT3, cg19009305 in ISG20 and cg14951497 in STAT1, that were 

differentially methylated in repetitive HRV-16 infected cells compared with mock-infected 

ones (Figure 33). 

Moreover, seven CpGs that localized in the asthma related genes, including cg16911809 in 

CCL26, two CpGs in NOS2 (cg15745859 and cg04042753), three CpGs in POSTN (cg13634560, 

cg04922971, cg19769877) and cg05068534 in SERPINB4, were differentially methylated in IL-
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13 exposed cells in comparison with mock-infected ones. Interestingly, methylation levels of 

few CpGs in the asthma related genes were also changed by HRVI. For example, cg15745859 

localized in NOS2 was differentially methylated in two-time HRV-16 infected cells, cg16911809 

in CCL26 and cg05068534 in SERPINB4 were differentially methylated in repetitive HRV-16 

infected cells (Figure 33). Differences in methylation levels of each CpG site are listed in Table 

S3. 
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Figure 33. HRV-16- or IL-13-responsive DMPs in NHBEs.  
Data are from n=3 replicates of 2 different donors. DMPs are defined as CpGs with Δβ-value > 3%, < -3% and p-values <0.05. 
One-time HRV-16 infection (HRVIx1), two-times HRV-16 infection (HRVIx2), three-times/repetitive HRV-16 infection (HRVIx3). 

In addition to the methylation changes of the above genes by HRV-16 or IL-13 solely, I further 

identified a few CpGs in CXCL10, IL-4 and IL-5, that were differentially methylated (Δβ-value 

with any changes) in response to co-stimulation of repetitive HRVI and IL-13 exposure. 

For example, the CpG cg06302284, which is localized in TSS1500 (200 to 1500 bases relative 

to the transcription start site) of the CXCL10 gene, was hyper-methylated in co-stimulated 

cells (repetitive HRVI and IL-13 exposure) when compared with mock-infected (Δβ-

value=10.94%) or IL-13 exposed ones (Δβ-value=6.84%) (Figure 34A).  

The CpG cg19718831, localized in the TSS1500 of IL-4 gene, had an increased methylation level 

in co-stimulated cells (repetitive HRVI and IL-13 exposure) compared to mock-infected (Δβ-

value=1.89%) or IL-13 exposed ones (Δβ-value=1.36%) (Figure 34B).  
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Furthermore, CpG cg25954194 that localized in the TSS200 (0 to 200 bases relative to TSS) of 

IL-5 gene, was hyper-methylated in repetitive HRV-16 infected cells upon IL-13 exposure 

compared with mock-infected ones (Δβ-value=11.59%) (Figure 34C); and another CpG 

cg26081812 localized in the TSS1500 of IL-5 gene, was increased methylated by IL-13 exposure 

in the repetitive HRV-16 infected cells (Δβ-value=1.58%) (Figure 34D). 
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Figure 34. DNA methylation in gene CXCL10, IL-4 and IL-5 upon HRV-16 and IL-13. 
A) cg06302284 (CXCL10); B) cg19718831 (IL-4); C) cg25954194 (IL-5); D) cg26081812 (IL-5). Data are shown as mean ± SD (n=3 
replicates of 2 different donors). Two-way ANOVA test. TSS200: 0 to 200 bases relative to the transcription start site; TSS1500: 
200 to 1500 bases relative to the transcription start site. One-time HRV-16 infection (HRVIx1), two-times HRV-16 infection 
(HRVIx2), three-times/repetitive HRV-16 infection (HRVIx3).
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9 Discussion 

The early-life recurrent wheezing in response to respiratory viral infection, especially HRVs, is 

a key trigger for asthma development in children. The airway epithelium is the first barrier 

against HRVs by initiating innate immune responses and also plays a crucial role in the asthma 

pathogenesis. In this thesis, an in vitro ALI culture model of NHBE cells was used to study the 

impact of repetitive HRVI on airway epithelial inflammation, and the resulting single-cell 

transcriptome and DNA methylation profile were analyzed. 

9.1 Influence of poly I:C and IL-13 on NHBEs 

Prior to the living HRVs, poly I:C was first applied in order to determine whether NHBE cells 

were able to exert immune responses at ALI. Poly I:C is a viral mimic that activates TLR3 with 

its synthetic double-stranded RNA, which has been studied in a variety of airway epithelial cell 

lines including BEAS-2B, 16HBE14o- and A54947–49. It can induce the mucus production and 

the release of inflammatory cytokines such as IL-6 and IL-8 in the primary airway epithelial 

cells50. In this study, poly I:C was introduced to NHBE cells repeatedly for three times, and as 

expected, it enhanced IL-8 mRNA expression and increased the number of goblet cells.  

In addition to the immune responses, I validated the ability of ALI cultured NHBE cells to 

exhibit ‘asthma-like’ changes by IL-13 exposure. IL-13 is a type 2 cytokine that is elevated in 

asthma and other lung diseases, which has multiple effects on pulmonary epithelium including 

induction of airway hyper-responsiveness and airway remodeling51,52. It can recapitulate many 

features of Th2 asthma both in vivo and in vitro53–57. Here I exposed NHBE cells to IL-13, and 

observed an enhanced MUC5AC mRNA expression and the goblet cell hyperplasia. However, 

expression of MUC5AC appeared to be most prominent at day 4 after exposure whereas 

dampened at day 7, which may suggest a damage of cells due to the prolonged exposure. 

Indeed, it has been reported that a long-term IL-13 exposure could reduce transepithelial 

electrical resistance (TEER) and increase paracellular permeability of human primary tracheal 

epithelial cells58. Despite that IL-13 was applied for short-term in this experiment, there was a 

loss of cilia and a separation of epithelial cells from the transwell membrane after seven days 

of IL-13 exposure.  
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9.2 HRV-16 replication in NHBEs upon HRV-16 inoculation 

Having shown that NHBE cells are capable of responding to repeated stimulation of poly I:C 

and IL-13 at ALI. I next aimed to investigate their response to repetitive HRVI. First, to 

understand the kinetic HRV-16 replication pattern in NHBE cells, I inoculated the cells with 

HRV-16 with two infectious doses on day 14 at ALI (where the cells were at least 2-3 cells thick 

instead of a monolayer59,60) and monitored the intracellular HRV-16 genomic RNA expression 

in the next six days. Viral RNAs were expressed over time in a dose-dependent manner, it 

peaked at 1dpi then gradually decreased afterwards, and dropped to undetectable at 6dpi 

within the low infectious dose group. Similar experiments have been performed in airway 

epithelium by Warner SM et al61, where they also infected cells with HRV-16 and observed the 

intracellular viral RNA peak at the same time whereas in a higher level compared to this study. 

This might be due to the existence of more cells within their model that could support the 

replication, given that the number of cells seeded were almost twice as many as in this study. 

9.3 Influence of repetitive HRVI and IL-13 on NHBEs 

 Experiment setup establishment 

Once I got the idea how HRV-16 replicates in NHBE cells, the next step was to establish the 

repetitive HRVI model. Therefore, I initially applied HRVI every three days on day 14, day 17 

and day 20 at ALI, and subsequently introduced IL-13 for four days, given that seven days of 

exposure may damage cells as suggested earlier in this study. However, I observed a significant 

necrotic effect that induced by IL-13. In addition, gene CXCL10, a chemokine that attracts 

immune cells and promote inflammation62, appeared to be lowly expressed following HRVI. 

Considering that the residual viral burden in NHBE cells cannot be eliminated before 6dpi as 

demonstrated earlier, one can speculate the accumulating viruses may exhaust the cells. It 

has been known that normal effector T cells can become dysfunction during chronic viral 

infection, characterized by a reduced capacity to secrete cytokines and increased expression 

of inhibitory receptors, termed as ‘T cell exhaustion’63,64. Indeed, evidence that the existence 

of exhausted airway basal cells has been reported in the context of chronic obstructive 

pulmonary disease (COPD)65. 

Therefore, I optimized the initial experimental setup by extending the interval of HRVI from 

three days to one week, and by reducing IL-13 exposure from four days to two days. With this, 

the necrotic effect from IL-13 was attenuated and CXCL10 mRNA level was expressed 20 times 
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higher compared to the initial setup, indicating a recovery (though may not completely) of 

immune response in the cells.  

Therefore, the optimized setup was chosen and further adjusted, by reducing the infectious 

dose to a MOI of 0.001, in order to eliminate any exhaustion of the cells that may exist. In 

addition to the repetitive HRVI, two-times and one-time HRVI were included to better 

understand the training effects of HRVI, and this final setup was chosen for the further 

experiments. 

 HRV-16 replication in NHBEs upon repetitive HRVI 

Before IL-13 was applied, I monitored intracellular viral RNA expression level every other day 

over the period of repetitive HRVI. Interestingly, viral RNA expression peaked at 3dpi and 

decreased to undetectable at 5dpi, suggesting a delayed replication and a faster clearance of 

residual viral burden, compared to the experiments performed earlier with two higher 

infectious doses. Consistent with this finding, Warner SM et al61 also demonstrated in the 

airway epithelium a later timing of peak HRV-16 RNA levels with a lower infectious doses. One 

can speculate that lower doses initially infected fewer cells and that it takes longer for more 

cells to support the replication.  

Taken together, these results indicated that the differentiated NHBE cells are able to clear 

HRV-16, and the lower the infectious dose applied, the less time required to eliminate the 

residual burden. The induction of endoplasmic reticulum stress and autophagy following HRV 

infection have been demonstrated to limit viral replication in H1HeLa cells, whereas the 

relevant mechanisms in airway epithelial cells are not known66. 

 Cytotoxicity and morphological change of NHBEs 

Following HRV-16 infection (one-time, two-times or repetitive HRVI) or mock-infection, cells 

were then exposed to IL-13. The LDH levels in the cell culture supernatants were measured at 

the end of experiment. It appeared that no significant cytotoxicity was induced by any of the 

treatment. By examining the PAS-stained cross-section samples, a thick epithelium with 

columnar ciliated cells and goblet cells was observed at the end of experiment. It has been 

known that HRVs cause cytopathic effect (CPE) only when low-confluence cultured bronchial 

epithelial cells exposed to high titers of virus10. Indeed, the low infectious dose of HRV-16 

applied in this study had no obvious impact on the morphological structures. As expected, 
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exposure of IL-13 induced goblet cell hyperplasia and mucus over-production without leading 

to any visible cilia loss or epithelial integrity impairment. Of note, IL-13-induced goblet cell 

hyperplasia was especially visible in the repetitive HRV-16 infected cells, suggesting a hyper-

responsive status of these cells.  

 mRNA expression and protein production in NHBEs 

Since the repetitive infection did not cause any cytotoxicity or CPE on NHBE cells, I next 

investigated its impact on the epithelial inflammation by checking the mRNA expression of 

RIG-1 and CXCL10 at the end of experiment. RIG-1 has been known as a cytosolic pattern 

recognition receptor in airway epithelial cells for recognizing the synthesized dsRNAs of HRV-

16 and stimulating the interferon and pro-inflammatory responses10. The HRV-16 infected 

(especially repetitive HRVI) cells had an upregulated RIG-1 expression, and they were able to 

express higher levels of RIG-1 and CXCL10 upon IL-13 exposure compared with mock-infected 

ones. Though I failed to detect the activation of CXCL10 by HRVI solely, this was unlikely due 

to a failed infection model but rather the big data deviation and a late time point of analysis.  

Indeed, proteins including CXCL10 and IFNʎ1 were detected in the culture supernatants from 

HRV-16 infected cells. Further, those infected cells (especially repetitive HRVI) also produced 

more CXCL10, IFNʎ1, IL-8 and IL-10 upon IL-13 exposure compared with mock-infected ones. 

IL-8 has been known as a chemokine involved in the recruitment and activation of neutrophils 

in airway67. IL-10 could possess both pro- and anti-inflammatory properties68; however, its 

effect was likely to be masked by other pro-inflammatory cytokines given the low production 

level detected.  

The role of IL-4 and IL-5 in the asthma pathogenesis as the type 2 signature cytokines has been 

well understood69,70. Though they are known to be primarily produced by activated Th2 cells, 

mast cells, eosinophils and appropriately stimulated ILC2 cells71–73, increasing evidence 

supported the airway epithelial cells as an alternative source74–76. In this study, by infecting 

NHBE cells with HRV-16 repetitively, they were able to produce more IL-4 and IL-5 in response 

to IL-13 exposure compared with the mock-infected ones.  

Taken together, these results supported the hypothesis that airway epithelial cells could be 

trained by repetitive HRVI and exacerbate their inflammatory response upon IL-13 exposure. 

Likewise, Bigot J et al34 have also demonstrated a Pseudomonas aeruginosa flagellin-trained 

https://en.wikipedia.org/wiki/Cytosol
https://en.wikipedia.org/wiki/Pattern_recognition_receptor
https://en.wikipedia.org/wiki/Pattern_recognition_receptor
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immune response in airway epithelium, which was characterized by the modified IL-8 

responses that relied on epigenetic regulation.  

Interestingly, in this study, I noted that IL-13 was able to enhance RIG-1 mRNA expression and 

elevate IFNʎ1 and IL-8 production exclusively in the repetitive HRV-16 infected cells. This will 

be discussed in the next sessions. 

 scRNA-seq 

9.3.5.1 Cell population identified in NHBEs 

Having demonstrated the trained airway epithelial inflammation by the repetitive HRVI, I next 

aimed to study this training effects in-depth at the single cell level. Therefore, the single-cell 

transcriptomes were captured from NHBE samples that had above 80% of cell viability. During 

the library preparation, approximate 30% of cells were lost due to the technical performance. 

The final samples were demonstrated to have 20% of multiplets, which could be due to the 

random distribution from the cell loading process, or inadequate cell separation during the 

preparation of single cell suspension.  

The airway epithelium is a dynamic tissue with the capability for cellular self-renewal that 

consists of a variety of specialized epithelial cells25. In this study, four major epithelial 

populations were identified from the NHBE samples, including basal, ciliated, club and goblet 

cells. Additionally, a low abundant population was discovered that contains tuft cells, PNECs 

and ionocytes. These results suggested that NHBE cells were fully differentiated at ALI, which 

was also revealed earlier from the PAS-stained cross-section samples.  

9.3.5.2 Changes of whole transcriptome in NHBEs 

Next, I assessed the influence of HRV-16 or IL-13 on the transcriptome changes, by comparing 

the difference of transcriptomes in one-time HRV-16 infected cells, two-times HRV-16 infected 

cells, repetitive HRV-16 infected cells, IL-13 exposed cells with mock-infected ones, 

respectively. A stringent statistical method (fold change > 1.5 (up or down) and Bonferroni 

corrected p-values < 0.05) was applied for differential gene expression analysis, and a total of 

17, 25 and 36 DEGs were identified in one-time, two-times and repetitive HRV-16 infected 

bulk cell samples, respectively; 21, 24 and 30 DEGs were identified in one-time, two-times and 

repetitive HRV-16 infected ciliated cells, respectively; and 22, 31 and 36 DEGs were identified 

in one-time, two-times and repetitive HRV-16 infected club cells, respectively. In addition, I 
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identified 169, 162, 52 and 170 IL-13-responsive DEGs in bulk cell samples, basal cells, ciliated 

cells and club cells, respectively. However, differential gene expression analysis failed to reveal 

any effect of HRVI on basal cells, as shown by only two DEGs in one-time, two-times and 

repetitive HRV-16 infected basal cells each. In fact, previous studies with ALI culture model 

have proposed that HRV-16 primarily target in ciliated cells and occasionally club cells but not 

in basal cells61,77–79. Nevertheless, whether this represents the real situation in human requires 

further investigation, given that HRV-16 was applied apically thus interacting more with 

ciliated and club cells than basal cells that located at the bottom of ALI culture.  

9.3.5.3 Activation of antiviral and asthma related DEGs in NHBEs 

Since it has been proven that HRV-16 and IL-13 were able to change the transcriptome profile, 

I therefore aimed to discover if any anti-viral or asthma related genes were activated. To this 

purpose, I cross-compared the common DEGs identified in one-time, two-times and repetitive 

HRV-16 infected cells and screened ten genes including interferon alpha inducible protein 27 

(IFI27), interferon induced protein 44 (IFI44), interferon induced protein 44 like (IFI44L), 

interferon alpha inducible protein 6 (IFI6), interferon induced protein with tetratricopeptide 

repeats 1 (IFIT1), interferon induced protein with tetratricopeptide repeats 2 (IFIT2), 

interferon induced protein with tetratricopeptide repeats 3 (IFIT3), interferon induced 

transmembrane protein 3 (IFITM3) and interferon stimulated gene 15 (ISG15), that are known 

to be induced by interferons and highly effective against external pathogens80; and signal 

transducer and activator of transcription 1 (STAT1), which can be activated by interferons and 

plays a key role in the immune response against viruses81. The above ten anti-viral genes were 

activated by HRV-16 in bulk cell samples, ciliated cells and club cells. Consistent with this 

finding, a previous study with bulk RNA sequencing data has also revealed an upregulation of 

IFI6, IFI44L and IFIT1 by HRV-16 at 14dpi in the airway epithelial cells82. In addition, they found 

that HRV-16 regulated gene expression in a time-dependent manner, as shown by another 

group of activated genes like CXCL10, CXCL11, IFNʎ and IFNʎ2 detected at the earlier time 

point (3dpi); unfortunately, none of them was found in the HRV-16-responsive DEGs in this 

study and was probably due to the late time point of analysis.  

Previous studies have demonstrated that exposure of IL-13 activated the pro-type 2 

inflammatory genes, including 15 lipoxygenase 1 (ALOX15)83, C-C Motif Chemokine Ligand 26 

(CCL26, an eosinophil chemoattractant84), cadherin 26 (CDH26)85, periostin (POSTN)86, and 

https://www.sciencedirect.com/topics/medicine-and-dentistry/eosinophil
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type 2 asthma biomarkers, nitric oxide synthase 2 (NOS2)87, serpin family B member 2 

(SERPINB2) and serpin family B member 4 (SERPINB4)88, in the airway secretory cells 

(combination of goblet and club secretory cells)89,90. Consistently, I confirmed this finding in 

the club cells and identified additional pro-type 2 inflammatory genes, CD4491, cystatin SN 

(CST1)92, serpin family B member 10 (SERPINB10)93, and another asthma biomarker keratin 6A 

(KRT6A)94, that were also upregulated by IL-13 in club cells. The above asthma related genes 

except KRT6A were activated by IL-13 in bulk cell samples and basal cells. Although it has been 

commonly accepted that ciliated cells cannot transdifferentiate into mucus-secreting cells, 

accumulating studies have reported that ciliated cells expressing MUC5AC upon IL-1389,95,96. 

Indeed, this study suggested that ciliated cells were able to exert club cell associated 

inflammation, as shown by their enhanced expression of ALOX15, CDH26, SERPINB2 and 

SERPINB10 in response to IL-13.  

These results demonstrated the importance of epithelial ciliated cells and club cells in 

mediating the anti-viral responses against HRV-16, and additionally illustrated the role of IL-

13 in shaping a pro-type 2 inflammatory environment in the epithelial basal and club cells.  

9.3.5.4 Repetitive HRVI trained the expression of RIG-1, ISG20, CXCL10 and KRT6A  

Unfortunately, none of the above anti-viral genes was trained by repetitive HRVI. 

Nevertheless, I further identified other anti-viral genes, RIG-1 and ISG20, that were activated 

by HRV-16. Despite a rather low fold change detected, their expression levels were in line with 

the increasing number of infection and were synergistically elevated by IL-13. Additionally, 

repetitive HRV-16 infected cells had a higher expression level of CXCL10 in response to IL-13 

exposure compared with mock-infected ones. This hold true in the bulk cell samples and 

ciliated cells.  

Among the asthma related genes, only KRT6A was trained by the repetitive HRVI. Specifically, 

repetitive HRV-16 infected cells were able to express an increased level of KRT6A upon IL-13 

exposure compared with mock-infected ones. This was observed in bulk cell samples and 

goblet cell population, and the similar trend in club cells. KRT6A is a type 2 keratin protein 

involved in the epidermalization of squamous epithelium and cell migration, and can promote 

lung cancer proliferation and metastasis97,98. Recent evidence has suggested KRT6A as an 

asthma biomarker94, whereas its functional mechanism warrants further investigation.  
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These results again supported the hypothesis that repetitive HRVI could train an enhanced 

immune response in the airway epithelial cells. Additionally, it demonstrated the central role 

of ciliated cells in the trained anti-viral responses, and that the transcriptome changes in club 

and goblet cells may pave the way to increase IL-13-induced inflammation. 

Previous experiments in this study have demonstrated that IL-13 was able to elevate IFNʎ1 

and IL-8 production in repetitive HRV-16 infected cells, consistently, scRNA-seq also revealed 

an IL-13-enhanced RIG-1, ISG20 and CXCL10 expression, which occurred most strongly in HRV-

16 infected ciliated cells. This proposes a hypothesis that such IL-13-induced strong interferon 

responses in ciliated cells may result from the stress of these cells trying to cope with the 

infection, as HRV-16 has been known to perturb endoplasmic reticulum homeostasis and 

induce endoplasmic reticulum stress in host cells99. On the other hand, it may also due to the 

stress that ciliated cells attempting to generate functional mucin proteins (which they are not 

fully equipped to produce) under the stimulation of IL-13. In fact, the role of chronic IL-13 in 

activating interferon responses in the airway epithelial ciliated cells has been suggested by 

Jackson ND et al89, which was accompanied by the strong endoplasmic reticulum stress 

resulting from the long-term IL-13 stimulation. Supporting this, I noted in this study an 

enhanced expression of RIG-1 and ISG20 in basal cells that were barely infected with HRV-16 

but rather excessively exposed to IL-13 from the bottom at ALI. Nevertheless, the detailed 

mechanisms under the IL-13 enhanced interferon responses still require further investigation. 

Interestingly, by contrast to ciliated cells, IL-13 dampened the interferon responses in the 

HRV-16 infected goblet cells. This may provide an explanation to the interferon suppression 

of the type 2 inflamed airway epithelium from asthmatics100,101, given that ciliated cell 

dysfunction and goblet cell hyperplasia often exist in the asthmatic epithelium102. 

 DNA methylation  

Since I have demonstrated until now that repetitive HRVI could train an enhanced immune 

response in NHBE cells, changes of DNA methylation were then analyzed in order to study the 

possible underlying epigenetic mechanisms.  

Evidence that HRV-16 changes DNA methylation has been supported by previous studies 

carried out in the airway epithelium from asthmatics27,28. In this study, I identified 28,525 

DMPs in one-time HRV-16 infected cells, 16,281 DMPs in two-times HRV-16 infected cells and 
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19,678 DMPs in repetitive HRV-16 infected cells when compared with mock-infected ones, 

respectively. However, none of the key modified CpGs reported by McErlean P27 or Pech M28 

was differentially methylated by HRVI in the normal bronchial epithelial cells in this study, 

suggesting that both disease status and virus infection could influence DNA methylation. 

Nonetheless, I screened several CpGs localized in the antiviral genes that identified earlier in 

this study, including RIG1, IFI27, IFIT1, IFIT3, ISG20 and STAT1, that were differentially 

methylated by HRVI. Additionally, IL-13 exposure also resulted in a genome-wide DNA 

methylation modification, as shown by 11,108 DMPs identified in the IL-13 exposed cells. Of 

note, CpGs localized in the asthma related genes that identified earlier, including CCL26, NOS2, 

POSTN and SERPINB4, were differentially methylated by IL-13 exposure. Interestingly, HRV-16 

was also able to alter the methylation level in some asthma related genes such as NOS2, CCL26 

and SERPINB4.  

As demonstrated earlier in this study, repetitive HRV-16 infected cells released more proteins 

including CXCL10, IL-4 and IL-5 in response to IL-13 exposure than the mock-infected ones. 

Here I demonstrated the CpG cg06302284 in TSS1500 of CXCL10, cg19718831 in TSS1500 of 

IL-4, cg25954194 in TSS200 and cg26081812 in TSS1500 of IL-5, were all increased methylated 

in repetitive HRV-16 infected cells upon IL-13 exposure, in comparison with mock-infected 

ones. It has been long considered that DNA methylation occurring at the CGI promoters acts 

to repress gene transcription42,43, via direct interference with transcription factor binding and 

facilitating the binding of repressive chromatin remodelers103. However, this classical concept 

has been challenged by the growing evidence showing a positive correlation of promoter 

hypermethylation and active transcription44. For example, Bahar Halpern K et al104 have 

reported that the hypermethylation at a CGI of gene forkhead box A2 (FOXA2), which is −950 

and −375 bp relative to the TSS, facilitated an active gene transcription. Similarly, Takasawa K 

et al105 identified a specific region containing 34 CpGs (−1415 to −638 bp relative to the TSS) 

within the distal promoter of telomerase reverse transcriptase gene (TERT) in human induced 

pluripotent stem cells, hypermethylation of this region was demonstrated to be essential for 

active gene expression. Hypotheses of the underlying mechanisms have been made including 

the inhibition of transcriptional repressor binding104,106 and the interaction of regulatory 

elements such as insulator and enhancer107.  
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Taken together, there might be a connection between the methylation changes and enhanced 

inflammatory responses observed in this study, whereas more detailed investigation required 

to address the correlation and function.   

 Conclusion 

In conclusion, this is to the best of my knowledge the first study to demonstrate the repetitive 

HRVI-trained airway epithelial immune responses at the single cell level. Repetitive HRVI was 

able to exacerbate the inflammatory response of airway epithelial cells to IL-13 exposure. 

scRNA-seq suggested that HRV-16 could target and induce anti-viral responses in the epithelial 

ciliated and club cells, whilst IL-13 shaped a pro-type2 environment mainly in basal and club 

cells. It also revealed that repeated HRVI trains an enhanced interferon response in the ciliated 

cells and primes for amplified IL-13-induced inflammation in the club and goblet cells. 

Furthermore, this study demonstrated an altered DNA methylation profile that induced by 

HRV-16 and IL-13, as well as the methylation changes in the trained inflammatory genes. 

However, whether such epigenetic modification is a causal factor of the enhanced epithelial 

inflammation requires more detailed investigations. 

 Limitations and Outlook 

This study has several limitations. First, I failed to determine the effect of HRV-16 on basal 

cells, which may be due to the route in which the infection was applied. Second, I was unable 

to assess the transcriptome changes of goblet cells as no cells were detectable in the mock-

infection group. Given that goblet cells are susceptible to IL-13 stimulation and that basal cells 

with stem-cell-like properties can be critical in the longevity and transmission of memory 

epigenetic signatures, further studies are required to investigate their role in this context. 

Third, despite my best attempts to optimize the experiment setup, a rather low viral burden 

was detected by the end of repetitive HRVI, which may interfere with the following IL-13 

exposure. Lastly, the epithelial cells from healthy adults were studied in this thesis, which may 

not allow me to fully understand the role of HRV-16 infection on the development of asthma 

risk. Given that the early-life window is critical in shaping the immune system and in 

reprogramming epigenetic markers, experiments with pediatric samples or the young age 

murine models are required. 
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12 Appendix 

12.1 Supplementary results 

 

Figure S1. Histogram showing the distribution of β-value across samples. 
Data are from n=3 replicates of 2 different donors. One-time HRV-16 infection (HRVIx1), two-times HRV-16 infection (HRVIx2), 
three-times/repetitive HRV-16 infection (HRVIx3). 
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Figure S2. Box and Whisker plot showing the distribution of β-value across samples. 
Data are from n=3 replicates of 2 different donors. One-time HRV-16 infection (HRVIx1), two-times HRV-16 infection (HRVIx2), 
three-times/repetitive HRV-16 infection (HRVIx3). 
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Figure S3. Production of inflammatory mediators of NHBEs upon HRV-16 and IL-13.  
A) IFNβ; B) IL-6; C) IL-12p70; D) GM-CSF. Data are shown as mean ± SD (n=4 replicates of 2 different donors). Two-way ANOVA 
with Tukey's multiple comparison test. One-time HRV-16 infection (HRVIx1), two-times HRV-16 infection (HRVIx2), three-
times/repetitive HRV-16 infection (HRVIx3). 
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Figure S4. scRNA-seq: cell counts of identified cell type in each cartridge.  
Data are from n=3 replicates of 2 different donors 
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Cart 1 (cell 

counts) 

Cart 2 (cell 

counts) 

Cart 3 (cell 

counts) 

Cart 1-3 (cell 

counts) 

Rhapsody Scanner     

Transcriptome 

capture 38630 30850 35730 105210 

Library preparation  19315 15425 17865 52605 

SevenBridges 

Genomics     

Called cells 15464 8603 13291 37358 

Multiplets 3022 1882 2583 7487 

Multiplets rate 19.54% 21.88% 19.43% 20.04% 

SeqGeq     

High-Quality cells 12091 6451 10449 28991 

Table S1. scRNA-seq: cell counts at each experimental step from each cartridge.  
Data are from n=3 replicates of 2 different donors. Cart: cartridge. 

 

Cell type 

Cart 1 (cell 

counts) 

Cart 2 (cell 

counts) 

Cart 3 (cell 

counts) 

Cart 1-3 (cell 

counts) 

Basal cells 1005 2219 3984 7208 

Ciliated cells 3090 1873 2832 7795 

Goblet cells 3987 766 1677 6430 

Club cells 3739 1466 1773 6978 

Rare cells 270 127 183 580 

Table S2. scRNA-seq: cell counts of each cell type from each cartridge.  
Data are from n=3 replicates of 2 different donors. Cart: cartridge. Rare cells contain tuft cells, Ionocytes, PNECs.  
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CpGs Genes HRVIx1 vs. Mock HRVIx2 vs. Mock HRVIx3 vs. Mock 

Δ β-value 

(%) 
p-value 

Δ β-value 

(%) 
p-value 

Δ β-value 

(%) 
p-value 

cg14879641 RIG1 -3.47 *0.029 -1.66 0.634 -1.01 0.608 

cg08367706 RIG1 3.80 0.112 3.55 *0.013 3.18 0.180 

cg25087252 RIG1 -1.03 0.527 -2.12 0.217 -5.11 *0.034 

cg18443806 IFI27 -3.57 *0.020 1.76 0.405 2.89 0.439 

cg16341979 IFI27 -0.96 0.136 1.66 0.290 3.27 *0.025 

cg26974214 IFIT1 4.02 *0.035 -1.56 0.296 -1.62 *0.038 

cg02370832 IFIT3 -5.85 *0.003 -1.82 0.283 -3.90 *0.050 

cg19009305 ISG20 0.08 0.889 1.83 0.330 3.55 *0.039 

cg13123512 ISG20 3.65 *0.031 -0.05 0.947 0.43 0.269 

cg16919130 ISG20 2.52 0.321 4.45 *0.019 1.79 0.082 

cg04515913 ISG20 2.29 0.205 4.07 *0.037 3.28 0.109 

cg14951497 STAT1 -1.81 0.498 -10.92 0.057 4.76 *0.025 

CpGs Genes Mock+IL-13 vs. 

Mock HRVIx2 vs. Mock HRVIx3 vs. Mock 

Δ β-value 

(%) 
p-value 

Δ β-value 

(%) 
p-value 

Δ β-value 

(%) 
p-value 

cg16911809 CCL26 -4.55 *0.011   -4.49 *0.009 

cg15745859 NOS2 -6.45 *0.003 -4.26 *0.018   

cg04042753 NOS2 3.23 *0.005     

cg13634560 POSTN 7.94 *0.029     

cg04922971 POSTN 4.01 *0.018     

cg19769877 POSTN 3.65 *0.039     

cg05068534 SERPINB4 6.74 *0.002   13.13 *0.0005 

Table S3. Methylation changes of antiviral and asthma related genes.  
Data are from n=3 replicates of 2 different donors. *DMPs are defined as CpGs with Δβ-value > 3%, < -3% and p-values <0.05. 
One-time HRV-16 infection (HRVIx1), two-times HRV-16 infection (HRVIx2), three-times/repetitive HRV-16 infection (HRVIx3). 
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12.4 List of abbreviations 

A  

ALI Air-liquid interface 

ALOX15 15 lipoxygenase 1 

ANOVA Analysis of variance 

ASCL1 Achaete-scute family BHLH transcription factor 1 

A. fumigatus Aspergillus fumigatus 

B  

BCG Bacille Calmette-Guérin 

BEGM Bronchial epithelial cell growth medium 

BLAST Basic local alignment search tool 

β-ME β-mercaptoethanol 

BSA Bovine serum albumin 

C  

CCL C-C Motif Chemokine Ligand 

CDH Cadherin  

CDHR3 Cadherin-related family member 3 

cDNA Complementary deoxyribonucleic acid 

CGI CpG island 

cm2 Square centimeter 

COAST Childhood Origins of Asthma 

COPD Chronic obstructive pulmonary disease 

CPE Cytopathic effect 

CST1 Cystatin SN 

CSV Comma-separated values 

CXCL C-X-C Motif Chemokine Ligand 

CYP2F1 Cytochrome p450 family 2 subfamily f member 1 

D  

DCs Dendritic cells 

DEG Differentially expressed gene 

DMP Differentially methylated CpGs 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

ddCt Delta delta cycle threshold 

DPBS Dulbecco's phosphate buffered saline 

dpi Days post infection  

DRAQ7 Deep red anthraquinone 7 

dsRNAs Double-stranded-RNAs 

E  

E. coli Escherichia coli 

EDTA Ethylenediaminetetraacetic acid 

ELISA Enzyme-linked immunosorbent assay 

EMEM Eagle's Minimum Essential Medium 

EtOH Ethanol 

F  
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FDR False discovery rate 

FITC Fluorescein isothiocyanate 

Foxj1 Forkhead box j1  

G  

gDNA Genomic geoxyribonucleic acid 

GM-CSF Granulocyte-macrophage colony-stimulating factor 

H  

HBSS Hanks' Balanced Salt Solution 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HPRT Hypoxanthine phosphoribosyltransferase 

HRV Human rhinovirus 

HRVI Human rhinovirus infection 

H3K27ac Histone 3 lysine 27 acetylation 

H3K4me1 Histone 3 lysine 4 methylation 

H3K4me3 Histone 3 lysine 4 trimethylation 

H3K9me3 Histone 3 lysine 9 trimethylation 

I  

ICAM-1 Intercellular adhesion molecule-1 

IFI27/6 Interferon alpha inducible protein 27/6 

IFI35/44 Interferon inducible protein 35/44 

IFI44L Interferon induced protein 44 like 

IFIT Interferon induced protein with tetratricopeptide repeats 

IFITM Interferon induced transmembrane protein 

IFN Interferon 

Ig Immunoglobulin 

IL Interleukin 

ILC2s Group 2 innate lymphoid cells 

ISG Interferon stimulated gene 

J  

K  

KRT Keratin 

L  

LDH Lactate dehydrogenase 

LDLR Low density lipoprotein receptor 

LPS Lipopolysaccharide 

M  

M Molar concentration 

MDA-5 Melanoma differentiation-associated protein 5 

mg Milligram 

min minute 

µg microgram 

µl microliter 

µm micrometer 

miRNA microRNA 

mRNA messenger RNA 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/low-density-lipoprotein
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ml mililiter 

mm milimeter 

MOI Multiplicity of infection 

MUC5AC Mucin 5AC 

N  

NHBEs Normal human bronchial epithelial cells 

nM nanomolar 

nm nanometer 

NOOB Normal-exponential out-of-band 

NOS Nitric oxide synthase 

O  

P  

PAS Periodic Acid-Schiff 

PBS Phosphate-buffered saline 

PCR Polymerase chain reaction 

PFA Paraformaldehyde 

PI propidium iodide 

pM picomolar 

pmol picomol 

PNECs Pulmonary neuroendocrine cells 

Poly I:C Polyinosine-polycytidylic acid 

POSTN Periostin 

POU2F3 POU class 2 homeobox 3 

PRR Pattern recognition receptor 

Q  

qRT-PCR Quantitative real-time polymerase chain reaction 

R  

RNA Ribonucleic acid 

RIG-1 Retinoic acid-inducible gene 1 

rpm rounds per minute 

RPL32 ribosomal protein L32 

RSEC recursive substitution error correction 

RSV Respiratory syncytial virus 

S  

SCGB1A1 Secretoglobin family 1a member 1 

scRNA-seq Single-cell RNA sequencing 

SD Standard deviation 

sec Second 

SERPINB Serpin family B member 

SEM Standard error of the mean 

SPDEF SAM pointed domain containing ETS transcription factor 

ssRNA single-stranded-RNA 

STAT1 Signal transducer and activator of transcription 1 

T  

TBE Tris-borate-EDTA buffer 
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TEER Transepithelial electrical resistance 

Th2 T-helper 2 

TLR Toll like receptor 

TNS Trypsin Neutralizing Solution 

TP63 Tumor protein P63 

TRPM5 Transient receptor potential cation channel subfamily M member 5 

TSLP Thymic Stromal Lymphopoietin 

TSS Transcriptional start site 

TUBA1A Tubulin alpha 1a 

U  

UMI Unique molecular identifiers 

V  

V Volt 

W  

WTA Whole Transcriptome Analysis 

X  

Y  

Z  
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