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Summary 

The respiratory system comprises specialized cell types that maintain homeostasis 

and facilitate air conductance and gas exchange. Disease states often involve 

dysregulation of this balance, leading to changes in cell composition and molecular 

profiles. Single-cell RNA sequencing (scRNA-seq) is a powerful tool for investigating 

disease-specific transcriptional changes in individual cells, shedding light on 

different epithelial and immune cell types and disease-associated alterations. By 

using non-invasive nasal swab samples, scRNA-seq provides a promising method 

to study airway pathophysiology and reveal disease mechanisms in the respiratory 

tract. 

This thesis focuses on scRNA-seq data from the upper airways of pediatric and adult 

patients with corona virus disease 2019 (COVID-19) and children diagnosed with 

cystic fibrosis (CF), alongside healthy controls, for the study of disease progression 

and treatment responses of these respiratory diseases. 

With the emergence of COVID-19 as a pandemic, the need to understand the 

molecular mechanisms underlying disease severity arose, particularly with regard 

to age-related differences in susceptibility to severe outcomes. By comparing the 

upper airway cells of healthy children to those of adults, this study revealed an 

already activated interferon response in conjunction with higher expression levels 

of pattern recognition receptors in children. This pre-activated antiviral cell state may 

facilitate a robust and rapid innate antiviral response upon infection, which likely 

protects children from severe disease progression. 

CF is a genetic disorder caused by mutations on the cystic fibrosis transmembrane 

conductance regulator (CFTR) gene. CF is a life-limiting condition that manifests 

with excessive mucus production and inflammation, significantly impacting quality 

of life. The triple combination therapy elexacaftor/tezacaftor/ivacaftor (ETI) has 

improved CF treatment, but its effects on transcriptional changes remained unclear. 

This study analyzed pre- and post-therapy samples of children with CF, investigating 

the effects of ETI on mucosal homeostasis following pharmacologic improvement of 

CFTR function. The results showed an increase in the expression of genes involved 

in interferon signaling and major histone compatibility complex in different epithelial 

cell types. Furthermore, the study revealed a decrease in the inflammatory 
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response, specifically related to the TNF and IL1 pathways, in macrophages and 

neutrophils of children with CF. These results highlight the advantages of ETI 

treatment in reducing the burden of CF and offer additional understanding of early 

stages of disease progression. 

By introducing scRNA-seq of nasal swab samples to investigate COVID-19 

resilience in children and the efficacy of triple combination ETI in CF treatment, this 

thesis significantly advanced the understanding of respiratory diseases at a 

molecular level. The research highlights how applying scRNA-seq to study the 

transcriptional landscapes of COVID-19 resilience among children and the 

outcomes of CFTR modulator therapies in CF can elucidate the pathophysiology of 

diseases and the mechanisms of treatment effects. As single-cell technology 

continues to evolve, its application will provide deeper insights into disease 

complexity and therapeutic advancements. 
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Zusammenfassung 

Das respiratorische System besteht aus spezialisierten Zelltypen, die die 

Homöostase aufrechterhalten und den Lufttransport sowie den Gasaustausch 

ermöglichen. Krankhafte Veränderungen führen oft zu einer Dysregulation dieses 

Gleichgewichts, was Veränderungen in der Zellzusammensetzung und den 

molekularen Profilen zur Folge hat. Die Einzelzell-RNA-Sequenzierung (scRNA-

seq) ist ein leistungsfähiges Verfahren zur Untersuchung krankheitsspezifischer 

transkriptioneller Veränderungen in einzelnen Zellen. Es gibt Aufschluss über 

verschiedene Epithel- und Immunzelltypen sowie krankheitsassoziierte 

Veränderungen. Durch die Verwendung nicht-invasiver Nasenabstriche bietet 

scRNA-seq eine vielversprechende Methode zur Untersuchung der 

Pathophysiologie der Atemwege und zur Aufdeckung von Krankheitsmechanismen 

in den Atemwegen. 

Diese Arbeit untersucht den Krankheitsverlauf und die Behandlungsreaktionen von 

oberen Atemwegserkrankungen bei pädiatrischen und erwachsenen Patienten mit  

der Coronavirus-Krankheit 2019 (COVID-19) sowie bei Kindern mit Mukoviszidose 

im Vergleich zu gesunden Kontrollpersonen anhand von scRNA-seq-Daten aus den 

oberen Atemwegen. 

Mit dem Auftreten von COVID-19 als Pandemie entstand die Notwendigkeit, die 

molekularen Mechanismen der Krankheitsschwere zu verstehen, insbesondere 

hinsichtlich altersbedingter Unterschiede in der Anfälligkeit für schwere 

Krankheitsverläufe. Diese Studie zeigt, dass in den Zellen der oberen Atemwege 

von gesunden Kindern im Vergleich zu Erwachsenen bereits eine Interferonantwort 

aktiviert ist und höhere Expressionswerte von Mustererkennungsrezeptoren 

vorliegen. Dieser voraktivierte antivirale Zellzustand könnte eine schnelle und 

robuste angeborene antivirale Antwort auf eine Infektion ermöglichen. Dadurch 

könnten Kinder vor einem schweren Krankheitsverlauf geschützt werden. 

Mukoviszidose ist eine genetische Erkrankung, die durch Mutationen am Cystic 

Fibrosis Transmembrane Conductance Regulator (CFTR)-Gen verursacht wird. Sie 

äußert sich durch übermäßige Schleimproduktion und Entzündungen, was die 

Lebensqualität signifikant beeinträchtigt und die Lebenserwartung verkürzt. Die 

Dreifachkombination Elexacaftor/Tezacaftor/Ivacaftor (ETI) hat die Behandlung von 
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Mukoviszidose erheblich verbessert. In dieser Dissertation wurden Proben von 

Kindern mit Mukoviszidose vor und nach Beginn der Behandlung mit ETI analysiert, 

um die Auswirkungen auf transkriptionelle Veränderungen zu untersuchen. Die 

Ergebnisse zeigen eine Zunahme der Genexpression im Interferon-Signalweg und 

im Haupthistokompatibilitätskomplex in verschiedenen Epithelzellen. Zudem wurde 

festgestellt, dass die Entzündungsantwort abnimmt, die speziell mit den TNF- und 

IL1-Signalwegen in Makrophagen und Neutrophilen von Kindern mit Mukoviszidose 

zusammenhängt. Diese Ergebnisse zeigen, dass die Behandlung mit ETI hilft, die 

Belastung durch CF zu verringern, und liefern weitere Erkenntnisse über den frühen 

Krankheitsverlauf. 

Durch die Einführung von scRNA-seq von Abstrichen der Nasenschleimhaut zur 

Untersuchung der COVID-19-Resistenz bei Kindern sowie der Wirksamkeit der 

Dreifachkombination ETI in der CF-Behandlung wurde im Rahmen dieser 

Dissertation das Verständnis von Atemwegserkrankungen auf molekularer Ebene 

wesentlich verbessert. Die Forschung zeigt, wie die Anwendung von scRNA-seq zur 

Untersuchung der transkriptionellen Landschaften der COVID-19-Resistenz bei 

Kindern und der Ergebnisse von CFTR-Modulator-Therapien bei CF die 

Pathophysiologie von Krankheiten und die Mechanismen der Behandlungseffekte 

aufklären kann. Mit weiterentwickelten Einzelzellentechnologien werden tiefere 

Einblicke in die Komplexität von Krankheiten und therapeutische Fortschritte 

möglich sein. 
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1. Introduction 

1.1. Respiratory disease 

The lung plays a central role in facilitating the exchange of oxygen and carbon 

dioxide, making it a fundamental part of human physiology and health. Studying the 

complexity of the lung is critical for advancing our understanding of respiratory 

diseases, which were identified as the third leading cause of death in 2019 1. 

Conditions range from mild illnesses like the common cold to more severe 

conditions such as asthma, chronic obstructive pulmonary disease (COPD), 

pneumonia and lung cancer 1-4. Chronic respiratory diseases are often 

characterized by symptoms such as shortness of breath, coughing, wheezing and 

chest discomfort. These symptoms can lead to a reduced quality of life, limitations 

in daily activities and, in some cases, irreversible consequences. The development 

of chronic respiratory diseases can be influenced by environmental exposures, 

genetic factors and lifestyle choices 1-4. An example of a chronic respiratory disease 

caused by genetic factors is cystic fibrosis (CF). CF is characterized by mutations 

in an anion channel, resulting in impaired function 5-7, and is recognized as one of 

the most lethal inherited diseases in White people 8. The respiratory system is 

susceptible to infections by inhaled pathogens, including bacterial infection with 

Pseudomonas (P.) aeruginosa, a leading cause of lung infections, particularly in 

individuals with CF 8. Viral infections also pose significant threats to respiratory 

health. Notable examples include influenza and coronaviruses such as Middle East 

Respiratory Syndrome (MERS) and Severe Acute Respiratory Syndrome 

Coronavirus (SARS-CoV) 9. The recent Coronavirus Disease 2019 (COVID-19) 

outbreak highlights the impact of emerging respiratory viruses on global health and 

the urgent need for continued research, effective treatment and a comprehensive, 

multidisciplinary approach. Therefore, understanding the disease-specific 

pathological features and mechanisms underlying a respiratory disease is essential 

for an effective therapeutic intervention. 

1.2. Respiratory system and cell composition 

The respiratory system is a complex network of organs and tissues that is divided 

into upper and lower airways along with the respiratory zone within the lung. The 
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upper airways, which include the nasal cavity, pharynx and larynx, serve as the 

gateway to the respiratory system 10, while the lower airways, including the trachea 

and bronchi, repeatedly branch into smaller airways, facilitating air passage and 

ultimately leading to the alveoli, the small air sacs in the lungs 11-13. The alveoli offer 

a large surface area for gas exchange, enabling oxygen to diffuse from the air into 

the bloodstream and carbon dioxide to be released from the blood into the air 11-13. 

Along with their respiratory function, the airways filter and humidify inhaled air and 

serve as a crucial physical barrier against external environmental factors, such as 

allergens, pathogens or particulate matter. This barrier is maintained by a 

continuous layer of epithelial cells that can recognize and respond to airborne 

pathogens 14-17. While innate and adaptive immune cells are essential for immunity, 

the airway epithelium also plays a significant role in host defense. For example, the 

respiratory epithelial cells have developed mucociliary clearance as its primary 

innate defense mechanism. This coordinated process helps to maintain airway 

homeostasis by eliminating trapped dust particles, pathogens and excess mucus 18, 

19.  

Epithelial cells: 

The airway epithelium exhibits variations in cellular composition and function from 

the upper to the lower airways, reflecting its diverse roles in maintaining respiratory 

homeostasis. The upper airways are composed of cells of different sizes and 

functions, including predominantly ciliated, secretory and basal cells. In the lower 

airways, club cells, a subtype of secretory cells, become more abundant. In the 

bronchioles, the epithelium transitions to predominantly squamous cells with sparse 

cilia and finally in the alveoli to alveolar type I and II cells 13, 20-25. This reflects a 

reduction in mucus clearance and an increased focus on gas exchange 23, 26. 

Although there is evidence of a shift in epithelial cell populations and expression 

patterns 23-27, all major cell types can be found along the respiratory tract. Each cell 

type is characterized by unique gene expression patterns and distinct functions in 

order to perform the diverse functions of the respiratory system (Figure 1). 

Ciliated cells have a central role in mucociliary clearance. They are terminally 

differentiated cells and are characterized by the expression of transcription factor 

forkhead box (FOX) protein J1 (FOXJ1), which is involved in late ciliogenesis 28. 
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Additionally, the expression of dynein axonemal heavy chain 5 (DNAH5) and coiled-

coil domain containing (CCDC) genes contributes to the formation of multiple hair-

like cilia. These cilia beat in a coordinated manner, facilitating the effective clearance 

of mucus from the airways 23, 29. Furthermore, secretory cells, composed of club and 

goblet cells, are responsible for mucus secretion (mucin (MUC) 5AC, MUC5B) 

including different antimicrobial molecules like secretoglobin family 1A member 1 

(SCGB1A1) and SCGB3A1. Notably, club cells possess a progenitor property, 

allowing them to undergo further differentiation into goblet and ciliated cells 30. 

Beneath these specialized cells lie smaller ones known as basal or stem cells of the 

airways. They can be distinguished by high expression levels of the transcription 

factor tumor protein p63 (TP63) as well as keratinocyte (KRT) 5 and the basal cell 

adhesion molecule (BCAM). Serving as the source for epithelial regeneration, basal 

cells exhibit a self-renewal capacity and the ability to differentiate into almost all 

other epithelial cell types, thereby coordinating the continual repair and maintenance 

of the cell type composition in the respiratory tract 31, 32. 

 
Figure 1: (A) Schematic of different epithelial cell types in the upper respiratory system and 
different environmental challenges that can affect the upper airways. (B) Depiction of airway 
epithelial cell differentiation and the characteristic expression features of the different 
epithelial cell types. Created with BioRender.com. 
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The influence of the smaller cell populations on the airway system should not be 

underestimated. The recent discovery of deuterosomal or FOXN4+ cells has added 

a new dimension to the understanding of airway cellular diversity 33. They are an 

intermediate cell type between secretory and ciliated cells characterized by high 

expression of FOXN4 and cell division cycle 20B (CDC20B), a transcription factor 

and regulatory protein involved in amplification and organization of cilia formation 

33. Pulmonary ionocytes only account for 1% of the airway epithelium and are 

characterized by high expression levels of ion channels, especially cystic fibrosis 

transmembrane conductance regulator (CFTR), the gene causing the development 

of CF and the transcription factor FOXI1. They have gained attention for their pivotal 

role in regulating airway ions, fluidics and mucus properties 34, 35. Their involvement 

highlights the intricate interplay between various cell types in maintaining the 

sensitive balance required for optimal airway function.  

Immune cells: 

To ensure the integrity of the airway barrier and appropriate immune responses a 

close interaction between the epithelial cells of the airways and resident or recruited 

immune cells is necessary. The immune cells can be broadly divided into two main 

categories: innate and adaptive immune cells (Figure 2), each of which perform 

different functions to protect airway integrity and health. 

 
Figure 2: Overview of different immune cell types that can be found in the upper airways 
and their characteristic gene profile. Created with BioRender.com. 

The innate immune system acts as the immediate, nonspecific responder against a 

wide range of pathogens 2. One prominent innate immune cell type are 

macrophages, which act as phagocytes ingesting and neutralizing pathogens or 

particulate matter. They can be characterized by the expression of surface receptors 

cluster of differentiation (CD) 14 and 68, as well as apolipoprotein E (APOE) and 

versican (VCAN). Together with dendritic cells (DC) they serve as professional 
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antigen-presenting cells, directing the activation of other immune cells, in particular 

of T cells 36. In addition to macrophages, neutrophils also have phagocytic abilities 

and can be distinguished by the expression of the Fc Gamma Receptor IIIb 

(FCGR3B) and integrin subunit alpha X (ITGAX) receptors. Although having a short 

lifespan, they play a pivotal role as one of the initial responders among inflammatory 

cells. Their rapid migration to the site of inflammation is crucial for effectively 

controlling and eliminating pathogens. Furthermore, by releasing chemokines and 

cytokines such as interleukin (IL) 8 (encoded by chemokine (C-X-C motif) ligand 8 

(CXCL8)), neutrophils contribute to recruitment and activation of additional immune 

cells 37. Together, they secret both pro- and anti-inflammatory molecules 

maintaining airway homeostasis, tissue repair and promote inflammatory 

responses, thereby closely interacting with the cells of the adaptive immune system. 

The adaptive immune system is characterized as a highly specialized branch of 

immunity that provides a targeted and long-term defense against specific 

pathogens. It is characterized by its antigen-specific responses that promote an 

immunological memory, which enables a more effective but time-delayed defense 

against reinfection 38. Adaptive immune cells include T and B lymphocytes.  

T cells are responsible to induce cellular immunity and play a central role in the 

body's defense against recurrent infections. These specialized immune cells have 

T cell receptors (TCRs) on their surface that enable them to recognize specific 

antigens presented by cells with major histocompatibility complex (MHC) I or II 

molecules 39, 40. As another characteristic of T cells, CD3 is necessary for the 

activation of downstream signaling pathways. Coupled to TCRs, these multiprotein 

TCR-CD3 complexes with their unique composition are essential for specific T cell 

activation and induction of the adaptive immune response 39, 40. T cells can be further 

categorized based on their additional expression of surface receptor CD4 or CD8 

41. CD4+ T cells are activated upon interaction with MHC II complexes and 

differentiate into specific subtypes, including T helper cells and regulatory T cells. 

As T helper cells, CD4+ T cells play a central role in regulating the immune system 

by secreting specific cytokines that activate other immune cells, such as B cells and 

cytotoxic T cells (CTL). In their role as regulatory T cells, CD4+ T cells also maintain 

the balance between immune activation and suppression, prevent excessive 

immune responses and promote overall immune homeostasis 41, 42. CD8+ T cells, in 
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contrast, are directed by endogenous antigens presented on MHC I. Once activated, 

CD8+ T cells undergo clonal expansion and differentiate into effector CTL. Through 

the release of cytotoxic molecules like perforin (PRF) and granzymes (GZMs), they 

target and eliminate damaged or infected cells, thereby minimizing the spread of 

pathogens. Additionally, a subset of memory CD8+ T cells forms, providing long-

term immunity and a rapid response upon re-exposure to the same antigen 43, 44. 

The adaptive immune system has a second component that is executed by B cells. 

These cells express surface receptors, such as CD19, that bind to foreign antigens 

and activate the proliferation and differentiation of B cells. Matured B cells produce 

and release antibodies that recognize and neutralize pathogens. Additionally, B cells 

express MHC II molecules and are the third cell type which belongs to the class of 

professional antigen-presenting cells 38, 45, 46. T and B cells in the adaptive immune 

system provide effective defense and long-lasting protection. The inclusion of 

memory cells promotes a rapid and enhanced response to known threats and 

strengthens the long-term resistance of the respiratory system. 

1.3. Single-cell transcriptomic analyses 

Advances in genomics have revolutionized our ability to understand biological 

systems 47. Replacing previous reliance on microscopy or limited molecular 

analysis, the development of sequencing methods, including genome and 

methylome analysis, has provided more detailed insights into the molecular basis of 

life. Among these methods, analyzing the transcriptome is of great importance as it 

reveals the more dynamic interplay of genes and provides additional knowledge into 

cellular processes and their regulation. Thereby, it further improves our 

understanding of tissues, diseases and their underlying mechanisms. 

Next-generation sequencing methods have significantly advanced this progress and 

are becoming more common-place in research as less time-consuming and more 

cost-effective options are developed. For a long time, many studies focused on bulk 

analyses as they used whole tissues or samples as input 48. These are often based 

on the average of RNA expression across diverse cell populations, resulting in the 

loss of important information of individual cells 48. A major breakthrough in this 

context was the emergence of single cell RNA-sequencing (scRNA-seq), which has 

opened up a new era of precision in simultaneously studying transcriptomic changes 
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in single cells 49. This innovative technology has revolutionized our ability to 

characterize cell types, allowing for more insights into cellular heterogeneity within 

various tissues and organs, including the respiratory system 22-25, 32. These studies 

not only extended our understanding of cellular differentiation and cell type specific 

gene expression in the airways, but also identified novel, rare cell types like FOXN4+ 

cells and pulmonary ionocytes 27, 34, 35. Ultimately, scRNA-seq is not only improving 

our ability to study the homeostatic physiology of healthy tissues, but is also 

revealing previously unknown mechanisms of disease at the cellular level. 

1.3.1. Deciphering diseases using single-cell transcriptomics 

Using scRNA-seq technology provides a big amount of data that allows a valuable 

understanding of molecular mechanisms at single cell resolution. Moreover, the 

continuous refinement of scRNA-seq methods has enabled higher throughput, 

allowing for simultaneous analyses of large numbers of cells. This scalability has led 

to the development of molecular atlases that provide a fundamental understanding 

of the molecular landscape of different tissues of the human body, offering a 

comprehensive overview of the cellular components and their regulatory networks 

22, 27, 50-54. This technology enables direct comparisons between healthy and 

diseased tissues, shedding light on alterations in cellular composition and gene 

expression patterns underlying various pathological conditions. Its impact extends 

significantly across various domains, with profound implications in fields such as 

cancer research, developmental biology and immune response studies 55-57. 

Importantly, it allows researchers to track the effects of different therapies on 

patients, thus entering an era of precision medicine with personalized treatment 

strategies. The continuous development of scRNA-seq methods and their 

application in various studies illustrates their indispensable role in the advancement 

of medical knowledge and therapeutic innovation 56. 

Using scRNA-seq, this thesis addresses the intricate molecular landscapes of two 

critical respiratory diseases: the COVID-19 pandemic and CF. The aim was to 

uncover new insights into the underlying mechanisms of these diseases, advancing 

our understanding for improved diagnostic and therapeutic strategies. Each disease 

will be introduced in separate chapters. 
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2. Project I: COVID-19 

2.1. COVID-19: Introduction 

The global emergence of the novel coronavirus, officially termed SARS-CoV-2 58, 

has triggered an unprecedented scientific and public health response since its 

identification in late 2019 59-63. This highly transmissible virus is responsible for 

COVID-19, a respiratory disease that rapidly crossed international borders and 

caused an enormous challenge to healthcare systems. It quickly led to a global 

pandemic and required exceptional public adaptations to counteract its rapid 

spread. Upon infection, the disease onset varies from mild symptoms to severe 

pneumonia and death. Notably, some individuals testing positive for SARS-CoV-2 

remain asymptomatic 59, 64. Several risk factors for a more severe disease outcome 

have been identified: primarily age, but also male sex and various comorbidities 

such as obesity, COPD, cancer, immunosuppression or hypertension 65-68. Despite 

the lately observed significant decrease in disease burden due to the COVID-19 

vaccination offer, immunization due to prior infections and the emergence of new 

and milder SARS-CoV-2 variants 69, 70, the high numbers that have been reported 

worldwide, with over 773,000,000 cases and almost 7,000,000 deaths 70, clearly 

outline the profound impact of COVID-19. This emphasizes the need for a better 

understanding of the disease and the underlying mechanisms that contribute to 

differences in disease susceptibility. 

2.1.1. SARS-CoV-2 virus and its host response 

SARS-CoV-2 is an enveloped, positive-sense RNA virus 60. The main entry point on 

the host cell is the surface receptor angiotensin-converting enzyme 2 (ACE2). This 

interaction is mediated by the spike protein on SARS-CoV-2 which is later cleaved 

by transmembrane protease serine subtype 2 (TMPRSS2) 71. Importantly, these 

entry factors are widely expressed by airway epithelial cells, especially secretory 

and ciliated cells, marking them the primary target cells 23, 72. 

In response to viral infection, the host cell activates an early cellular innate immune 

response driven by pattern recognition receptors (PRRs) and the type I and III 

interferon (IFN) system, a crucial defense mechanism also acting against SARS-

CoV-2 73. The initial step of the pathogen sensing process involves the detection of 

viral RNA by host cells. Therefore, epithelial and immune cells are equipped with 
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PRRs, such as the cytosolic proteins retinoic acid-inducible gene I (RIG-I, encoded 

by DEAD box polypeptide 58 (DDX58)), melanoma differentiation-associated 

protein 5 (MDA5, encoded by interferon induced with helicase C domain 1 (IFIH1)) 

and laboratory of genetics and physiology 2 (LGP2, encoded by DExH box helicase 

58 (DHX58)) and different toll-like receptors (TLRs) 74. These PRRs allow the 

epithelial layer to rapidly recognize pathogens, activate and recruit other cells to 

initiate an early immune response. Upon recognition of viral RNA, a downstream 

cascade is initiated, which is characterized by the activation of interferon regulatory 

factors (IRFs) through phosphorylation. Once activated, binding of IRFs to their 

respective motifs induces expression and release of IFNs 75, 76. Next, secreted IFNs 

can bind to their respective receptors on neighboring cells, activating the janus 

kinase - signal transducer and activator of transcription (JAK-STAT) signaling 

cascade, which ultimately leads to the expression of numerous IFN stimulated 

genes (ISGs) and cytokines 77-79. This places the cells in an activated antiviral state 

that effectively inhibits viral replication and contributes to viral RNA degradation, 

providing a critical line of defense against pathogenic effects (Figure 3). 

 
Figure 3: Schematic representation of the epithelial host response to SARS-CoV-2 
infection, highlighting genes involved in viral sensing and downstream signaling leading to 
interferon expression and induction of interferon-stimulated genes (ISGs). A detailed 
description can be found in chapter 2.4. 
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In the case of SARS-CoV-2, several studies have shown a sensitivity to IFNs. 

Treatment with IFNs of different epithelial cell lines led to a reduction of viral 

replication 80-82 and in turn, inhibition of IFN signaling showed increased replication 

of SARS-CoV-2 in Calu-3 cells 80. Moreover, a correlation of viral load and IFN 

response was identified in mild COVID-19 patients, while adults experiencing a 

critical COVID-19 disease progression showed an impaired or dampened IFN 

response 83-85. In line, in clinical trials, early treatment strategies against COVID-19 

included a combination of antiviral drugs and INF beta-1b 86. 

2.1.2. SARS-CoV-2 resilience of children compared to adults 

Given the unprecedented challenges caused by the COVID-19 pandemic, one 

notable aspect is the resilience shown by children compared to adults. The course 

of COVID-19 in children is generally asymptomatic or mild and only a minority of 

young patients require hospitalization 68, 87-91. This difference is further emphasized 

by the low numbers of deaths occurring in children and adolescents with only 0.4% 

of all deaths reported with COVID-19 92, 93. At the beginning of the pandemic, the 

underlying reasons for the observed differences between children and adults in their 

response to COVID-19 were poorly understood. Investigations into viral 

transmission and load, comparing these age groups, did not unveil any significant 

differences in the expression levels of host-cell entry factors or initial viral load 90, 94-

96. While studies on viral load and host-cell entry did not explain childhood resilience, 

a decreased innate antiviral immune response in adults was found to lead to a more 

severe or critical disease outcome 96-98. This thesis describes an important role of 

the interferon response as an initial step against viral infections that shows an age-

dependent decline potentially contributing to differences in disease severity 99. This 

hypothesis was supported by other studies at the time and was further confirmed by 

later studies 96-98, 100. 

2.1.3. Exploring COVID-19 through scRNA-seq 

Various research groups, including our own, have already demonstrated the impact 

of scRNA-seq in advancing our understanding of novel viral infections such as 

COVID-19. In studying SARS-CoV-2 infections, scRNA-seq has proven very helpful 

for identifying the main cell types expressing SARS-CoV-2 entry receptor ACE2, 

profiling transcriptomes and immune signaling pathways during disease 
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progression, studying changes in cell composition and differentiation trajectories 

and identifying the network of cell interactions in response to the virus 72, 101-108. 

The first studies on COVID-19 focused primarily on bronchoalveolar lavage fluid and 

blood samples and investigated the activated immune response and the 

dysregulation of cytokines. These studies revealed an accumulation of immune cells 

that exhibit a strongly pro-inflammatory phenotype. In a pioneering work, our team 

established the first comprehensive cell atlas of epithelial and immune cells from the 

upper airways of adults with COVID-19 108. In line with previous studies, our results 

showed an increased presence of pro-inflammatory macrophages and highly 

activated CTLs. In addition, we observed impaired epithelial differentiation and, due 

to nasal swabs that allowed the study of both epithelial and immune cell 

expressions, we were able to show an increased interaction between these cell 

types in severe COVID-19 cases, possibly contributing to the enhanced immune 

response 108. 

Shortly thereafter, further COVID-19 cell atlases were published, focusing on lung 

and other tissue samples from deceased COVID-19 patients 105, 106. These studies 

not only confirmed the main findings observed in the upper airways, but also 

provided further details on the epithelial-immune interactions in the lower respiratory 

tract of COVID-19 patients. In particular, they reported a rapid development of 

pulmonary fibrosis, significantly advancing our understanding of the long-term 

complications faced by COVID-19 survivors 105, 106. These atlases collectively 

contributed to a better understanding of the dynamics of COVID-19 disease and 

could serve as a resource for the development of therapies. 

However, these previous studies have primarily examined severe to critical disease 

outcomes in adults. As a result, the molecular differences between children and 

adults in response to SARS-CoV-2 infection remained unclear, despite evident 

differences in the clinical disease course, leaving a gap in the understanding of the 

mechanisms involved across age groups. 

2.2. Comparison of the nasal cellular landscape between children and adults 

Therefore, in this study, single cells from the upper respiratory tract of children and 

adults who tested positive and negative for SARS-CoV-2 were compared. An age-
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dependent shift in cell type composition and significant differences in gene 

expression patterns were observed. Notably, in uninfected children, there was an 

increase in host defense markers such as IFIH1 and DDX58, along with increased 

IFN signaling and enhanced epithelial-immune cross talk, compared to healthy 

adults. Following infection, these responses were further activated, suggesting that 

children have an enhanced ability to recognize viral RNA and mount an immune 

response early in infection, potentially diminishing viral spread. Consequently, these 

findings suggest that children are primed for infections and have a more rapid 

immune response to pathogens, which may contribute to their observed resilience 

to COVID-19 compared to adults.  

2.3. COVID-19: Declaration of own contribution 

• establishment of scRNA-seq protocol in the lab 

• project management and sample organization together with the clinicians 

• sample preparation including single cell isolation from nasal swabs, scRNA 

library preparation and pooling for sequencing 

• data handling including pre-processing, integration and analyses with initial 

support from Dr. Sören Lukassen  

• creation and refinement of figures 

• preparation and finalizing of the manuscript 

2.4. COVID-19: Manuscript 

Loske J*, Röhmel J*, Lukassen S*, et al. Pre-activated antiviral innate immunity in 

the upper airways controls early SARS-CoV-2 infection in children. Nat 

Biotechnol. 2022; 40(3):319-324; doi: 10.1038/s41587-021-01037-9. 

 

https://doi.org/10.1038/s41587-021-01037-9
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3. Project II: Cystic fibrosis 

3.1. Cystic fibrosis: Introduction 

CF is an autosomal recessive disorder and the most prevalent genetic disease 

among the White population 8. The disease typically manifests in early childhood, 

leading to frequent hospital visits and, in some cases, the need for oxygen therapy 

5, 8, 109. CF is caused by mutations in the CFTR gene, mainly expressed by epithelial 

cells throughout the body 6, 110-112, thereby manifesting as a multisystemic disease 

for which a cure is currently not available. Although CF affects various tissues in the 

body, its morbidity and mortality is primarily linked to progressive lung damage, 

resulting in impaired respiratory function 5-7. Typical symptoms of people with CF 

include intensive mucus production, difficulty breathing, a persistent cough and 

recurrent infections. One of the primary consequences of the abnormal mucus 

properties is the clogging of the airways (Figure 4). This obstruction reduces the 

normal flow of air in and out of the lungs, significantly limiting the individual´s ability 

to breathe.  

 

Figure 4: Overview comparing the physiology of the airways of healthy people (left) and 
cystic fibrosis patients (right). Created with BioRender.com. 

Furthermore, the thick mucus in the airways provides an ideal environment for 

pathogens colonization, with P. aeruginosa emerging as the predominant bacterium 

113-115. Bacteria accumulation resulting in chronic respiratory infections is a hallmark 

of CF. It is associated with neutrophil infiltration and release of neutrophil elastase 

and IL8, two important modulators described in CF pulmonary infection 116-118. The 

recurrent and persistent infections trigger a continuous cycle of inflammation, tissue 

damage and impaired lung function. Over time, this chronic inflammatory state leads 
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to an irreversible decrease in lung capacity, which is considered a decisive factor in 

the severity of the disease 5, 7, 109, 114, 119-121. 

3.1.1. CFTR function and mutations 

The CFTR gene encodes a transmembrane protein important to regulate ion and 

water transport across cell membranes as well as maintaining pH levels, especially 

within the epithelial cells lining the respiratory and digestive systems. CFTR is 

composed of distinct domains, including two nucleotide binding domains and two 

membrane-spanning domains. Despite the classification as an ATP-binding 

cassette transporter, CFTR is not an active transporter, instead, the opening of the 

two membrane-spanning domains, facilitated by ATP, forms a pore that enables the 

passive diffusion of ions, in particular chloride ions (Cl-) and bicarbonate ions (HCO3
-

) 122-124. CF results from various mutations affecting CFTR, leading to no protein or 

a less functional transmembrane protein. This impairment disrupts the sensitive 

balance of Cl- and HCO3
-
 within and outside cells. Consequently, a gradient is 

induced across cell membranes, leading to a reabsorption of water and other ions, 

such as sodium (Na+) (Figure 5). This dehydration contributes to the characteristic 

formation of thick and sticky mucus 5, 7, 109, 113-115, 120, 121. 

 
Figure 5: Molecular basis of cystic fibrosis transmembrane conductance regulator (CFTR) 
protein in healthy (left) and CF (right) cells. Blue dots represent chloride (Cl-) and red dots 
sodium (Na+) ions. Created with BioRender.com. 

Until today, there are over 2,000 different CFTR mutations known, which can lead 

to diverse molecular outcomes as defective syntheses, impaired protein folding and 

lower numbers of CFTR protein and reduced functionality or no gating of anions 5, 8, 

125. The most common mutation is a deletion of a phenylalanine at position 508 

(F508del), which is present in at least one allele in up to 85% of CF patients 
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worldwide 8. F508del is a loss of function mutation, leading to a miss folded CFTR 

protein and decreased insertion, function and stability in the apical cell membrane 

123, 126. 

3.1.2. Clinical assessment and diagnosis of cystic fibrosis 

CF is diagnosed by a range of clinical measurements that are important for a 

comprehensive assessment of the impact of the disease on various physiological 

processes. A key diagnostic test is the determination of sweat chloride 

concentrations (SCC), with elevated levels considered a hallmark of CF 127, 128. 

Pulmonary function tests, including spirometry and lung clearance tests, additionally 

help to monitor airway health and to assess the progression of airway obstruction. 

Furthermore, measurements of nasal potential difference provide insights into the 

functionality of the respiratory epithelium and contribute to a deeper understanding 

of CF pathophysiology 129. 

Advancements in managing CF can be linked not only to enhanced treatment 

modalities but also to progresses in early detection practices. The implementation 

of newborn screening programs for CF, introduced in some European countries in 

the early 2000s and now adopted by increasing numbers of regions and nations 130, 

131, has significantly contributed to the improved prognosis of the disease. Newborn 

screening is a critical tool for identifying CF-associated mutations and facilitating 

early diagnosis. Studies suggest that early detection can delay the onset of 

symptoms and reduce the impact on lung function. It can also limit the incidence of 

recurrent infections, thereby optimizing patient outcomes 8, 132. Genetic testing is a 

fundamental part of CF diagnosis. The identification of specific mutations in the 

CFTR gene not only confirms the diagnosis but also guides personalized treatment 

of the disease 133.  

3.1.3. Cystic fibrosis care and treatment 

Despite the challenges presented by the disease, advances in treatment options 

have contributed to steady increases in the average life expectancy of CF patients. 

A decade ago, life expectancy was 38 years, but it has now reached around 56 

years and continues to rise 8. The management of CF typically involves a 

multidisciplinary approach, which includes airway clearance techniques, antibiotics, 
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nutritional support and, in some cases, lung transplantation. However, this treatment 

only delays disease progression 5, 109, 119.  

In the past decades, many CF researching groups focused on improving treatment 

option for CF. In addition to treating the common symptoms, novel therapeutic 

strategies include gene therapies and modulators targeting the underlying genetic 

defects, holding promise for more effective intervention. High-throughput screening 

has played an important role in the rapid identification of potential drug candidates 

and therapeutic approaches 134.  

Among the groundbreaking therapeutic developments are CFTR modulators, 

including ivacaftor, lumacaftor, elexacaftor and tezacaftor. Ivacaftor works as a 

potentiator, extending the opening time of the CFTR channel and thus allowing more 

ions to pass through 135, 136. Later developments have introduced combination 

therapies, in which lumacaftor 137, 138 or tezacaftor 139, 140 work in conjunction with 

ivacaftor. These combinations focus on improving CFTR stability, correcting the 

folding defect specific for some mutations and improving protein transport to the cell 

surface, ultimately contributing to more effective treatment. However, these 

treatments only resulted in modest clinical benefits 137-140. 

The recent approval of the triple combination of elexacaftor/tezacaftor/ivacaftor 

(ETI) was a milestone in CF therapy 141-143. This pioneering triple combination 

promises great progress in the treatment of CF due to its multiple and synergistic 

therapeutic effects. Elexacaftor, beside tezacaftor, is another stabilizer binding to a 

different side of the protein, thereby additionally increasing the number of CFTR 

proteins at the cell surface (Figure 6). 
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Figure 6: Enhanced function of F508del CFTR mutation following treatment with 
elexacaftor/tezacaftor/ivacaftor (ETI) combination therapy. Elexacaftor and tezacaftor 
stabilize the protein structure, facilitating its transportation to the transmembrane. Ivacaftor 
binds to a separate site on the protein, increasing the opening duration of the CFTR pore, 
thereby enhancing channel activity. This combined effect allows for a more efficient 
passage of chloride ions (Cl-) across the transmembrane, approaching physiological 
homeostasis and consequent reduction in the thick mucus layer and susceptibility to 
infection characteristic of CF. Created with BioRender.com. 

CFTR modulator therapies are specifically designed to correct the malfunctioning 

protein produced by the CFTR gene. Given that different mutations result in various 

defects in the protein, the modulators developed thus far are effective only in 

individuals with specific mutations. Therefore, ETI is only approved for patients with 

at least one F508del mutation, thereby providing a treatment options for up to 90% 

of CF patients 142, 144-148. Preliminary data has demonstrated the remarkable success 

of ETI treatment, suggesting the potential for longer life expectancy and a reduction 

in CF-related complications. Several observational studies could show an increase 

in CFTR activity, reaching 40-50% when compared to normal CFTR function, 

significantly reducing the disease burden. Thus, patients treated with ETI showed 

improvements across several health parameters, including lung function, SCC, 

mucus viscoelasticity and reduced inflammation and infection 149-153. The recent 

extension of studies evaluating the efficacy and safety of ETI to children was another 

significant achievement. This advance allows early intervention in disease 

progression, potentially preventing irreversible damage and optimizing the potential 

benefit of this highly effective therapy 145, 148, 154. Although data collection is still 

ongoing and long-term studies are needed to fully understand the impact of the 

therapy, the current results elucidate the great impact of ETI on the lives of people 

with CF. 
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3.1.4. Insights into disease mechanisms in cystic fibrosis using scRNA-seq 

While scRNA-seq has not been widely used in human studies in CF, where it has 

been used, it has demonstrated promise in advancing our understanding of the 

disease. A notable study focused on comparing cells extracted from lung tissue 

acquired during lung transplantation 155. Through scRNA-seq analysis, Carraro et 

al. confirmed the expression of CFTR in lung epithelial cells and identified CF-

related alterations in specific subsets of epithelial cell types and stages. They 

proposed an exhaustion of epithelial regeneration by reduced numbers of basal cells 

and a higher transition rate towards ciliated and secretory cells, mainly providing a 

molecular atlas to further validate and understand CF 155.  

Furthermore, scRNA-seq has been employed to analyze sputum samples from CF 

patients, which shed new light on the airway immune landscape linked to CF 

pathology 156. This study confirmed an elevated number of neutrophils and recruited 

monocytes in individuals with CF. Moreover, the findings revealed a pro-

inflammatory yet relatively immature immune cell phenotype, shedding light into the 

intricacies of the immune response associated with CF 156. These studies 

collectively underscore the potential of scRNA-seq in unraveling the cellular 

complexity and immune response of CF. 

However, these studies primarily focused on the pathophysiological features of CF 

in adults. Studies of CF in children with a focus on the molecular mechanisms 

remain elusive. 

3.2. Understanding the impact of ETI in children with cystic fibrosis 

The primary objective of the study described in this thesis was to elucidate the 

cellular landscape and gene expression patterns in pediatric CF patients at single 

cell resolution. In addition, the analyses were extended to assess the impact of ETI 

treatment on airway restoration at the molecular level in these patients. To 

accomplish this, cells from nasal swabs from children with CF before and after 

treatment with ETI as well as healthy children were isolated and scRNA-seq analysis 

was performed. The results confirmed the CF phenotype as characterized clinically 

and showed a compromised epithelial host defense and a pro-inflammatory gene 

expression profile in immune cells. In addition, the study underlined the beneficial 

effects of ETI not only clinically, but also on the airway epithelium, as evidenced by 
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an enhancement of innate host defense mechanisms, such as IFN signaling and 

MHC complexes, together with a reduced activation of immune cells. These results 

highlight the success that can be achieved by early intervention in CF patients and 

offer promising prospects for restoring normal cellular function. 

3.3. Cystic fibrosis: Declaration of own contribution 

• project management and sample organization together with the clinicians 

• sample preparation including single cell isolation from nasal swabs, scRNA 

library preparation and pooling for sequencing 

• data handling including pre-processing, integration and analyses 

• creation and refinement of figures 

• preparation and finalizing of the manuscript 

3.4. Cystic fibrosis: Manuscript 

Loske J*, Völler M*, et al. Pharmacological improvement of CFTR function rescues 

airway epithelial homeostasis and host defense in children with cystic 

fibrosis. Am J Respir Crit Care Med. 2024; doi: 10.1164/rccm.202310-

1836OC. 

https://doi.org/10.1164/rccm.202310-1836oc
https://doi.org/10.1164/rccm.202310-1836oc
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4. Extended summary, discussion and outlook 

The development of single cell technologies enabled the analysis of individual cells 

with unprecedented resolution and depth. Conventional bulk analyses often mask 

cellular heterogeneity, hindering the comprehensive understanding of complex 

biological systems. In this thesis the advantages of utilizing scRNA-seq, in 

combination with a non-invasive approach for obtaining samples from the upper 

airway via nasal swabs, were employed to investigate various aspects of respiratory 

diseases in children. 

Medical research often prioritizes adult subjects due to the easier acquisition of 

samples and consent and the more apparent disease manifestation in older 

populations 157. However, studying the initial stages of disease is important for 

effective disease prevention and early intervention. Early treatment is key to 

preventing irreversible disease stages, particularly in children who have greater 

biological adaptability, making pathological changes potentially more reversible than 

in adults 119, 130, 132, 158-160. Therefore, this thesis focuses on studying children with 

mild and early-stage COVID-19 and CF. 

4.1. Unraveling disease complexity with single cell techniques 

Since its introduction in 2009 49, scRNA-seq has emerged as a powerful method for 

disease analysis 47, offering advantages over traditional techniques such as real-

time polymerase chain reaction (qPCR), microarrays or bulk sequencing. While 

qPCR provides accurate amplification of specific genes, microarrays can already 

capture thousands of targeted genes but with limitations such as high background 

noise and narrow dynamic expression range 161. In contrast, bulk RNA-seq has a 

considerable advantage as it provides a broad and unbiased representation of the 

whole transcriptome. This results in large datasets that offer insights into temporal 

patterns of gene expression 48 and allow the discovery of new gene models, such 

as splice variants 162. However, bulk RNA-seq is based on the average gene 

expression profile of a heterogeneous cell population 48, 163. Beyond the advantages 

of bulk sequencing, scRNA-seq enables the study of individual cells, facilitating the 

identification of rare cell populations and transitional states contributing to disease 

pathogenesis 22, 27, 34, 35, 108, 155, 156, which are often overlooked by traditional 

methods. For example, the recent discovery of pulmonary ionocytes through 
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scRNA-seq has shed light on their potential significance in CF research, given their 

distinctive feature of high CFTR expression 34, 35. Additionally, scRNA-seq allows for 

the identification of cell-specific responses and molecular pathways involved in both 

health and disease. 

Despite the significant advantages of scRNA-seq, it lacks the ability to capture 

detailed cellular organization within tissues. To understand cellular function, it is 

necessary to analyze their interactions in the microenvironment, where signaling 

pathways can be influenced by proximity and organization. Spatial transcriptomic 

methods, which capture gene expression patterns in tissue samples such as 

biopsies or organ slices, address this problem and are enabled by recent advances 

in next-generation sequencing and imaging 164, 165. These techniques reveal 

molecular signatures that are spatially defined, providing insight into the distribution 

of cells within the tissue microenvironment and uncovering complex biological 

processes, such as cell-cell interactions, tissue development and disease 

progression 164, 165. For instance, using a targeted spatial approach Rendeiro et al. 

demonstrated that SARS-CoV-2 primarily infects alveolar epithelial cells in the lung 

tissue. They observed an increase in hyper-inflammatory cell states near the 

infected cells and further associated severe disease progression with the closer 

proximity of fibroblasts and mesenchymal cells 166. In the more severely infected 

lung compartments of deceased COVID-19 patients, spatial transcriptomics 

revealed an increased interaction between cytotoxic lymphocytes and pro-

inflammatory macrophages 167. Furthermore, elevated expression levels of genes 

associated with TNF signaling were observed in these regions, further enhancing 

our understanding of disease progression across tissue compartments 167. Although 

a comprehensive, spatially resolved, whole transcriptomic single-cell lung atlas of 

COVID-19 or CF patients is not yet available, the recent release of the spatially 

resolved healthy lung atlas increases the comprehension of potential disease-

related changes in lung tissue that spatial data can offer 168. This atlas complements 

the scRNA-seq human lung cell atlas 22 and presents a more detailed resolutions of 

the lung architecture, including novel cell types, expression patterns and specialized 

cellular niches not previously explored in respiratory system studies 168. Madissoon 

et al. propose associations between newly identified immune niches in the 

submucosal glands and disease progression 168. Indeed, the submucosal glands 
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play a key role in the pathogenesis of CF, as they are mainly composed of mucus- 

and serous-producing cells 169, 170. However, data on human cells derived from the 

submucosal glands at a single cell level is limited 26, 171. Therefore, applying spatial 

transcriptomics to nasal or lung biopsies from patients with respiratory diseases like 

COVID-19 or CF can reveal unique disease structures, improve understanding of 

epithelial integrity and identify cell-cell interactions within microenvironments not 

captured by traditional single-cell methods. 

It is important to acknowledge that RNA data is only a snapshot of gene expression 

at a specific time point and do not account for underlying factors such as epigenetic 

modifications, mutations and other regulatory mechanisms. Moreover, post-

transcriptional modifications can significantly influence protein levels 172. Due to the 

multifactorial nature of disease pathogenesis, complementing transcriptomic data 

with (epi-)genetic, proteomic and similar analyses can provide a more 

comprehensive understanding of complex cellular and biological processes that 

drive disease phenotypes 173, 174. Therefore, integrating data of various layers of 

transcriptional and translational regulation, including also multiomic and spatial 

approaches, can further enhance our comprehension of respiratory physiology, 

genetic predisposition and disease. In the context of COVID-19, the wealth of 

publicly available data presents a unique opportunity to leverage the advantages of 

data integration, as demonstrated by initiatives like the COVID-19 Cell Atlas project 

106. Consequently, incorporating single-cell data that in the future will expand to 

further layers of transcriptional regulation, will broaden our understanding of the 

intricate network of factors that influence and promote respiratory diseases and 

thereby will facilitate identification of novel biomarkers and improve our ability to 

develop more precise therapeutic interventions. 

4.2. Exploring respiratory diseases through nasal swab samples 

Many studies of COVID-19 and other respiratory diseases have relied on blood 

samples because they are easily obtained in a clinical setting. However, as 

significant differences in host responses between the systemic and respiratory 

compartments exist 175-177, exploring alternative sample types also allowing the 

study of epithelial cells are necessary. Nasal or nasopharyngeal swabs have 

become a standard tool to screen for upper respiratory tract infections caused by 
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viruses, such as influenza or respiratory syncytial virus, or bacteria 178-184. Their 

utility and efficacy were further demonstrated during the COVID-19 pandemic where 

they were used as a standard tool for detecting infections with SARS-CoV-2 185-187. 

Therefore, several groups, including our own, have recently highlighted the value of 

isolating single cells from nasal swabs for detailed transcriptomic analysis of upper 

respiratory tract diseases, offering additional knowledge of the molecular 

mechanisms underlying these infections 99, 107, 108, 175, 176, 188. This highlights the 

potential of nasal swabs for the study of respiratory diseases as they can be 

collected non-invasively with minimal burden to the study participant 189, making 

them applicable in both clinical and research settings. Moreover, nasal swabs can 

be obtained with minimal training and equipment, unlike some sample types that 

require specialized instruments or preparation procedures, making them accessible 

also for sample collection in a variety of settings, including domesticated locations 

179, 184, 190-192. It also facilitates collection of follow-up samples 189, allowing 

researchers to track changes in gene expression or biomarker levels in longitudinal 

studies and monitoring of disease progression or treatment response. In particular 

for pediatric patients 185, 190-192, where compliance and sample availability can be 

challenging, nasal swabs provide an easy source to study airway cells. It minimizes 

discomfort 190-192 and avoids the need for sedation often required for more invasive 

procedures such as bronchoalveolar lavage or biopsy 193. 

The upper airway epithelium, also highlighted by the findings of this thesis, shows 

similar major cell types and core gene expression patterns to those found in lower 

airway samples, suggesting that nasal swabs may serve as a reliable proxy for 

studying respiratory disease and enhancing our understanding of disease 

mechanisms. Nevertheless, it is important to consider the variability in the cell 

composition along the airways. Therefore, nasal swabs may not capture changes in 

lung specific cells. Single-cell studies of the human airway, including both upper 

nasal and lower bronchial cells, have revealed differences in cell type composition 

and gene expression profiles associated with sampling location 23-27. These studies 

have identified distinct subtypes within the major cell types of ciliated, secretory and 

basal cells. In addition, they have reported proximal-distal gradients of cell types, 

including variations in the abundance of ionocytes, a rare cell type recently 

discovered with high expression of CFTR 34, 35. According to these studies,  
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ionocytes are found to be most abundant in the upper respiratory tract. Therefore, 

studies that focus on the upper airway may provide a better opportunity to gain 

insight into the role of CFTR-high ionocytes 23, 27, 194. In addition, gene expression 

patterns differ between the upper and lower airways. Genes commonly expressed 

in the upper airways are associated with developmental processes, cell specification 

and maturation, while those in the lower airways are more closely associated with 

differentiation or lung epithelium development 23, 27. Considering these differences 

is important for a more complete understanding of the mechanisms underlying 

respiratory disease. Indeed, studies have shown a gradient of ACE2 expression, the 

entry receptor for SARS-CoV-2 71, along the airways with nasal cells exhibiting the 

highest levels 23, highlighting the importance of studying both nasal and lung 

samples in respiratory disease research. This is particularly important in diseases, 

such as COVID-19, where the nasal cavity serves as the primary site of infection. 

It is important to be aware that, in addition to the anatomical aspect of sampling, the 

choice of tissue sampling method and dissociation protocol will have a significant 

impact on cell type proportions 23. For example, biopsies yield cells from deeper 

anatomical structures, offering a more comprehensive insight into tissue 

composition and gene expression profiles compared to nasal brushes or swabs, 

which predominantly capture luminal cell types 23. 

However, using the same sample type for both control and diseased subjects allows 

for direct comparisons that account for anatomical and methodological differences. 

Although obtaining lung specimens alongside nasal swabs can offer additional 

information, leveraging nasal swabs for sampling presents a non-invasive and 

accessible method that allows for analyses of respiratory diseases, particularly 

when implemented with careful study design and consideration of anatomical 

variations. 

4.3. Innate host response in COVID-19 and cystic fibrosis 

PRRs play a key role in innate immunity across various cell types, including airway 

epithelial cells. They are activated by the recognition of pathogen associated 

molecular pattern, which leads to the production of IFNs. IFNs, in turn, induce the 

expression of ISGs, which place the cells in an antiviral state. This coordinated 

response forms a line of defense against the infection caused by pathogens. 
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In this thesis, the particular importance of the innate host response in the control of 

infection by pathogens was highlighted. In healthy children, a higher number of 

innate immune cells and immune activation, as well as a primed antiviral response 

in epithelial cells prior to infection, likely contributed to their greater resilience 

compared to adults and to their protection against severe COVID-19. Subsequent 

studies confirmed a protective innate immune status against SARS-CoV-2 infections 

and provided additional evidence that this protection is mediated by enhanced early 

IFN and cytokine secretion in children 98, 100. 

The study by Magalhaes et al. used different model systems to infer the differences 

in the immune epithelial cross talk between children and adults 100. Using lung 

epithelial cells, they could show that pre-stimulation with IFN or inflammatory 

cytokines improved their responsiveness to SARS-CoV-2 infection. In addition, 

stimulated peripheral blood mononuclear cells (PBMCs) of children promoted a 

stronger antiviral response in lung epithelial cells compared to the response to adult 

PBMCs, which also led to more efficient clearance of SARS-CoV-2. Furthermore, 

immune cells in the upper airway of healthy children showed elevated cytokine 

expression, as well as stronger and more frequent interactions between children's 

immune and epithelial cells compared to those of adults. Thus, this study reveals 

further insights into age-related differences in immune regulation and supports the 

hypothesis presented in this thesis that a pre-activated innate immune response 

contributes to the protection of children from severe COVID-19 100. 

By applying a single-cell multiomic approach, Yoshida et al. analyzed upper and 

lower airway samples, as well as PBMCs, from individuals across different age 

groups, both with and without COVID-19 infection 98. Their study further supports a 

heightened IFN response in the airways of children and adolescents, both before 

and after infection. Notably, Yoshida et al. observed an elevated production of IFNs 

by adult blood cells, underscoring the significance of the sample type and site of 

infection. Since the upper airways are the primary site of infection, an early and 

strong IFN response in this area may provide protective effects by enhancing viral 

clearance. In contrast, an excessive systemic IFN response could potentially lead 

to cytotoxic immune response, promote tissue damage and contribute to more 

severe disease courses 98. 
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Genome-wide association studies have identified a genomic region on chromosome 

3, associated with overexpression of pro-inflammatory genes of innate immune 

cells, making it a risk factor for severe COVID-19 195. Interestingly, a recent study 

revealed differences in genetic predisposition in disease severity in blood samples 

between children and adults 196. In contrast to adults, children with similar disease 

severity showed lower frequencies of the risk region on chromosome 3. However, 

the study observed variations in the OAS gene cluster among children 196, which is 

a component of IFN-mediated antiviral defense mechanisms 197, providing 

additional information of the underlying regulations for differences in disease 

severity between children and adults 196. In summary, the resilience observed in 

children throughout the COVID-19 pandemic is likely due to a robust and early 

innate immune response, coupled with the presence of pre-activated antiviral 

epithelial cells that more rapidly recognize pathogens and thus provide better 

protection. 

The presented findings for CF in this thesis indicate an impaired innate immune 

response characterized by enhanced inflammatory processes in macrophages and 

neutrophils in the upper airways of children with CF. The COVID-19 project has 

shown that upper airway cells of healthy children have a protective, pre-activated 

antiviral status which was impaired in CF patients. This may predispose CF patients 

to frequent infections and contribute to persistent inflammation, ultimately affecting 

the lung function. It is noteworthy that there is a significant reduction in MHC 

expression in epithelial cells, which may exacerbate the impairment of host defense 

mechanisms. Consistently, in other studies of CF, analyses of differentially 

methylated regions in CF lung macrophages have revealed potential associations 

with compromised innate immune cell function and phagocytosis in CF 

bronchoalveolar lavage 198. Similarly, changes in DNA methylation patterns in nasal 

epithelial cells have been linked to genes involved in inflammatory responses, 

highlighting new potential gene targets and underlying regulatory mechanisms. This 

study identified methylation changes in genes encoding the receptor for TNFα 199, 

supporting the findings presented in this thesis as TNF signaling was found to be 

upregulated in the transcriptional data of CF children. 
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4.4. Susceptibility of cystic fibrosis patients to SARS-CoV-2 

CF is characterized by excessive production of sticky mucus, which increases 

susceptibility to pathogens and leads to chronic lung infections. This persistent 

microbial presence contributes to an accelerated decline in lung function and 

compromises overall health 113-115. In addition, viral co-infections such as with 

respiratory syncytial virus, rhinovirus or influenza, lead to exacerbation of respiratory 

symptoms and higher rates of hospitalization in CF patients 200-202. 

Initially, a history of respiratory disease was considered a risk factor for severe 

COVID-19 outcomes 65-68 leading to concerns that individuals with CF might face a 

higher risk of developing severe respiratory complications. Contrary to expectations, 

later studies showed similar or slightly lower incidence of COVID-19 in CF patients 

compared to the general population without comorbidities 203-207. Notably, severe 

COVID-19 in CF individuals tends to be associated with an advanced disease stage 

including poor lung function, diabetes, older age, pancreatic insufficiency or 

previous lung transplantation 203-206. Yet, the majority of CF patients, particularly 

children, had mild or even asymptomatic COVID-19 206. 

Several factors potentially contribute to these observations. The CF population 

generally benefits from a younger demographic, heightened adherence to infection 

prevention practices and the employment of CF-specific anti-inflammatory 

treatments. The use of anti-inflammatory therapies specific to CF management, 

reduced levels of certain cytokines such as IL-6 and changes in the expression of 

the cellular entry factors for SARS-CoV-2, specifically ACE2 and TMPRSS2 71, 203-

208. Lagni et al. demonstrated a reduction in SARS-CoV-2 replication after CFTR 

inhibition in vitro, suggesting a role of CFTR in regulating SARS-CoV-2 infection 209. 

This finding was supported by evidence of decreased ACE2 expression in CFTR-

modified bronchial epithelial cells 210, as well as downregulation of ACE2 and 

TMPRSS2 in airway epithelial cells isolated from CF patients 211, 212, which likely 

limited viral entry and replication in this population. 

The studies presented in this thesis did not include an analysis of SARS-CoV-2 entry 

factors or infection in CF patients. However, it may be of interest to investigate this 

further to understand the unexpectedly mild disease course of COVID-19 in the 

majority of CF patients. 
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The presented data shows a minor reduction in PRRs and decreased levels of IFN 

in CF children, which may indicate a worse outcome in the event of SARS-CoV-2 

infection. However, it is important to note that the gene expression levels of CF 

children were not compared to those of healthy adults or CF patients during acute 

infection. This leaves open the possibility that although CF children exhibit lower 

expression levels of PRR compared to healthy children, they might still surpass 

those observed in healthy adults. Therefore, it is unclear whether these mechanisms 

protect CF children from severe COVID-19 infections or whether other protective 

differences are involved. As observed in the COVID-19 cohort, healthy children have 

a primed state for pathogen infection, which enables them to mount a faster immune 

response upon infection. Similarly, children with CF are also in an activated state 

due to exposure to bacteria, which may allow them to rapidly clear the virus after 

infection, potentially preventing severe disease. Including CF patients with acute 

SARS-CoV-2 infection and comparing the activation of viral host defense factors in 

CF patients versus children without comorbidities could contribute more insights into 

underlying disease mechanisms. 

Moreover, other studies have suggested a protective effect of CFTR modulators, 

which reduce acute inflammation and improve mucociliary clearance in CF patients 

149-153, potentially enhancing host defense against SARS-CoV-2 208. Analysis of the 

CF cohort treated with ETI revealed a significant increase in MHC molecules, viral 

sensing and IFN gene expression 188. This finding may explain the reported benefits 

of ETI treatment in SARS-CoV-2 infections. Furthermore, infections with SARS-

CoV-2 are associated with increased cytokine levels, which are reduced in CF 

patients treated with ETI, sometimes even to levels lower than those in healthy 

children, as shown in the presented data. However, additional research is necessary 

since ETI treatment was only approved in children after the peak of the COVID-19 

pandemic and data on cases of infection in ETI-treated children are scarce. 

4.5. Outlook 

The data presented here have contributed to our understanding of molecular 

changes in the upper airway mucosa underlying different respiratory diseases 

during childhood, facilitated by the non-invasive nature of nasal swab sampling. 

However, some questions remain unanswered. 
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While the COVID-19 pandemic evolved, it became apparent that genetic variations 

of SARS-CoV-2 are linked to different disease severities 213, 214, not only across 

different age groups but also within pediatric populations 215. The SARS-CoV-2 

variants of concern identified by the World Health Organization, including Alpha, 

Delta, Gamma and later Omicron, emerged from the wild-type variant and were not 

included in the analyses of this thesis. It will be interesting to investigate the 

molecular differences in the host response and evaluate potential differences in 

innate host defense mechanisms of children infected with more severe variants. 

Importantly, approximately 10% of COVID-19 patients experience persistent 

symptoms such as dyspnea, fatigue or cardiovascular impairments, commonly 

referred to as long COVID 216, 217. Risk factors for long COVID include age, acute 

phase hospitalization and comorbidities. However, the impact of the disease 

extends beyond these factors and affects individuals of all ages and disease 

severities 218, including children, adolescents and those with mild or asymptomatic 

symptoms, who were not hospitalized during the acute phase of the disease 218-221. 

These studies report that in some patients persistent symptoms have been 

observed up to 12 months after infection. Further investigation and comprehensive 

research into the molecular mechanisms are necessary to improve current 

diagnostic and treatment strategies. 

Novel treatment options have significantly improved life expectancy and quality of 

life of CF patients 222, 223. However, despite an identical CFTR mutation background, 

treatment responses vary, with approximately 20% of patients on ETI therapy 

continuing to experience symptoms associated with CFTR protein dysfunction 223. 

Identifying those molecular changes that distinguish high responders from low 

responders would be highly important, as it could aid patient stratification. 

Additionally, comparing ETI outcomes across different age groups, particularly 

between adults and children, can provide further insights into disease progression 

dynamics. 

In this project, some of the CF-associated changes, such as decreased MHC 

expression and the reduced IFN response, persisted despite three months of 

treatment with ETI, even in children with limited clinical impairment 188. In this 

respect, the recent approval of ETI for children aged 2 to 5 years may be another 
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significant advance 145. As this allows for an even earlier intervention in the disease 

course, it would be interesting to determine whether restoring CFTR function in 

preschool children or infants with CF would lead to a complete restoration of the 

innate epithelial immunity and amelioration of the pro-inflammatory response 

described in this thesis for school-aged children. Comprehensive longitudinal 

studies are necessary in the future to monitor the efficacy of the treatment and to 

potentially identify markers of early treatment failure. 

Furthermore, while our analyses focused on the upper airways, extending validation 

efforts to the lower respiratory tract could offer additional insights. Due to the 

significant impact of CF on the digestive system 224, collecting samples from this 

region would allow for a better understanding of other organ systems affected by 

CF. 

In summary, this thesis uses scRNA-seq of nasal cells from the upper airway to 

investigate the molecular mechanisms and cellular defense responses in children 

with COVID-19 or CF, both of which affect the respiratory system. These findings 

provide a great foundation for future research efforts aimed at deepening our 

understanding and developing precise interventions to reduce the burden of these 

respiratory diseases.  



5. List of References 

96 

5. List of References 

1. Collaborators, G.B.D.C.R.D. Global burden of chronic respiratory diseases 
and risk factors, 1990-2019: an update from the Global Burden of Disease 
Study 2019. EClinicalMedicine 59, 101936 (2023). 

2. Riches, D.W.H. & Martin, T.R. Overview of Innate Lung Immunity and 
Inflammation. Methods Mol Biol 1809, 17-30 (2018). 

3. Speizer, F.E., Horton, S., Batt, J. & Slutsky, A.S. in Disease Control Priorities 
in Developing Countries, Edn. 2nd. (eds. D.T. Jamison et al.) (Washington 
(DC), New York; 2006). 

4. Chronic respiratory diseases. (World Health Organization, 2024). 
https://www.who.int/health-topics/chronic-respiratory-diseases. 

5. Bell, S.C. et al. The future of cystic fibrosis care: a global perspective. Lancet 
Respir Med 8, 65-124 (2020). 

6. Shteinberg, M., Haq, I.J., Polineni, D. & Davies, J.C. Cystic fibrosis. Lancet 
397, 2195-2211 (2021). 

7. Boucher, R.C. An overview of the pathogenesis of cystic fibrosis lung 
disease. Adv Drug Deliv Rev 54, 1359-1371 (2002). 

8. Foundation, C.F. Patient Registry Annual Data Report. (2022). 
https://www.cff.org/medical-professionals/patient-registry. 

9. de Wit, E., van Doremalen, N., Falzarano, D. & Munster, V.J. SARS and 
MERS: recent insights into emerging coronaviruses. Nat Rev Microbiol 14, 
523-534 (2016). 

10. Pierce, R.J. & Worsnop, C.J. Upper airway function and dysfunction in 
respiration. Clin Exp Pharmacol Physiol 26, 1-10 (1999). 

11. Weibel, E.R. The Pathway for Oxygen: Structure and Function in the 
Mammalian Respiratory System. (Harvard University Press, 1984). 

12. Sapoval, B., Filoche, M. & Weibel, E.R. Smaller is better--but not too small: 
a physical scale for the design of the mammalian pulmonary acinus. Proc 
Natl Acad Sci U S A 99, 10411-10416 (2002). 

13. Knight, D.A. & Holgate, S.T. The airway epithelium: structural and functional 
properties in health and disease. Respirology 8, 432-446 (2003). 

14. Hewitt, R.J. & Lloyd, C.M. Regulation of immune responses by the airway 
epithelial cell landscape. Nat Rev Immunol 21, 347-362 (2021). 

15. Iwasaki, A., Foxman, E.F. & Molony, R.D. Early local immune defences in the 
respiratory tract. Nat Rev Immunol 17, 7-20 (2017). 

16. Hogan, B.L. et al. Repair and regeneration of the respiratory system: 
complexity, plasticity, and mechanisms of lung stem cell function. Cell Stem 
Cell 15, 123-138 (2014). 

17. Weibel, E.R. Lung morphometry: the link between structure and function. Cell 
Tissue Res 367, 413-426 (2017). 

18. Bustamante-Marin, X.M. & Ostrowski, L.E. Cilia and Mucociliary Clearance. 
Cold Spring Harb Perspect Biol 9 (2017). 

19. Wanner, A., Salathe, M. & O'Riordan, T.G. Mucociliary clearance in the 
airways. Am J Respir Crit Care Med 154, 1868-1902 (1996). 

20. Crystal, R.G., Randell, S.H., Engelhardt, J.F., Voynow, J. & Sunday, M.E. 
Airway epithelial cells: current concepts and challenges. Proc Am Thorac Soc 
5, 772-777 (2008). 

21. Whitsett, J.A. & Weaver, T.E. Alveolar development and disease. Am J 
Respir Cell Mol Biol 53, 1-7 (2015). 

https://www.who.int/health-topics/chronic-respiratory-diseases
https://www.cff.org/medical-professionals/patient-registry


5. List of References 

97 

22. Travaglini, K.J. et al. A molecular cell atlas of the human lung from single-cell 
RNA sequencing. Nature 587, 619-625 (2020). 

23. Deprez, M. et al. A Single-Cell Atlas of the Human Healthy Airways. Am J 
Respir Crit Care Med 202, 1636-1645 (2020). 

24. Davis, J.D. & Wypych, T.P. Cellular and functional heterogeneity of the 
airway epithelium. Mucosal Immunol 14, 978-990 (2021). 

25. Vieira Braga, F.A. et al. A cellular census of human lungs identifies novel cell 
states in health and in asthma. Nat Med 25, 1153-1163 (2019). 

26. Januska, M.N. & Walsh, M.J. Single-Cell RNA Sequencing Reveals New 
Basic and Translational Insights in the Cystic Fibrosis Lung. Am J Respir Cell 
Mol Biol 68, 131-139 (2023). 

27. Sikkema, L. et al. An integrated cell atlas of the lung in health and disease. 
Nat Med 29, 1563-1577 (2023). 

28. You, Y. et al. Role of f-box factor foxj1 in differentiation of ciliated airway 
epithelial cells. Am J Physiol Lung Cell Mol Physiol 286, L650-657 (2004). 

29. Rawlins, E.L., Ostrowski, L.E., Randell, S.H. & Hogan, B.L. Lung 
development and repair: contribution of the ciliated lineage. Proc Natl Acad 
Sci U S A 104, 410-417 (2007). 

30. Hong, K.U., Reynolds, S.D., Giangreco, A., Hurley, C.M. & Stripp, B.R. Clara 
cell secretory protein-expressing cells of the airway neuroepithelial body 
microenvironment include a label-retaining subset and are critical for 
epithelial renewal after progenitor cell depletion. Am J Respir Cell Mol Biol 
24, 671-681 (2001). 

31. Rock, J.R., Randell, S.H. & Hogan, B.L. Airway basal stem cells: a 
perspective on their roles in epithelial homeostasis and remodeling. Dis 
Model Mech 3, 545-556 (2010). 

32. Ruiz Garcia, S. et al. Novel dynamics of human mucociliary differentiation 
revealed by single-cell RNA sequencing of nasal epithelial cultures. 
Development 146 (2019). 

33. Revinski, D.R. et al. CDC20B is required for deuterosome-mediated centriole 
production in multiciliated cells. Nat Commun 9, 4668 (2018). 

34. Montoro, D.T. et al. A revised airway epithelial hierarchy includes CFTR-
expressing ionocytes. Nature 560, 319-324 (2018). 

35. Plasschaert, L.W. et al. A single-cell atlas of the airway epithelium reveals 
the CFTR-rich pulmonary ionocyte. Nature 560, 377-381 (2018). 

36. Suzuki, T., Chow, C.W. & Downey, G.P. Role of innate immune cells and 
their products in lung immunopathology. Int J Biochem Cell Biol 40, 1348-
1361 (2008). 

37. Nathan, C. Neutrophils and immunity: challenges and opportunities. Nat Rev 
Immunol 6, 173-182 (2006). 

38. Alberts B, J.A., Lewis J, et al. Chapter 24, The Adaptive Immune System., 
Vol. 4th edition. (New York: Garland Science, Molecular Biology of the Cell.; 
2002). 

39. Garboczi, D.N. et al. Structure of the complex between human T-cell 
receptor, viral peptide and HLA-A2. Nature 384, 134-141 (1996). 

40. Wucherpfennig, K.W., Gagnon, E., Call, M.J., Huseby, E.S. & Call, M.E. 
Structural biology of the T-cell receptor: insights into receptor assembly, 
ligand recognition, and initiation of signaling. Cold Spring Harb Perspect Biol 
2, a005140 (2010). 



5. List of References 

98 

41. Xiong, Y. & Bosselut, R. CD4-CD8 differentiation in the thymus: connecting 
circuits and building memories. Curr Opin Immunol 24, 139-145 (2012). 

42. Luckheeram, R.V., Zhou, R., Verma, A.D. & Xia, B. CD4(+)T cells: 
differentiation and functions. Clin Dev Immunol 2012, 925135 (2012). 

43. Harty, J.T. & Badovinac, V.P. Shaping and reshaping CD8+ T-cell memory. 
Nat Rev Immunol 8, 107-119 (2008). 

44. Zhang, N. & Bevan, M.J. CD8(+) T cells: foot soldiers of the immune system. 
Immunity 35, 161-168 (2011). 

45. Cooper, M.D. The early history of B cells. Nat Rev Immunol 15, 191-197 
(2015). 

46. Fujimoto, M., Poe, J.C., Inaoki, M. & Tedder, T.F. CD19 regulates B 
lymphocyte responses to transmembrane signals. Semin Immunol 10, 267-
277 (1998). 

47. Jovic, D. et al. Single-cell RNA sequencing technologies and applications: A 
brief overview. Clin Transl Med 12, e694 (2022). 

48. Li, X. & Wang, C.Y. From bulk, single-cell to spatial RNA sequencing. Int J 
Oral Sci 13, 36 (2021). 

49. Tang, F. et al. mRNA-Seq whole-transcriptome analysis of a single cell. Nat 
Methods 6, 377-382 (2009). 

50. Dominguez Conde, C. et al. Cross-tissue immune cell analysis reveals 
tissue-specific features in humans. Science 376, eabl5197 (2022). 

51. Suo, C. et al. Mapping the developing human immune system across organs. 
Science 376, eabo0510 (2022). 

52. Tabula Sapiens, C. et al. The Tabula Sapiens: A multiple-organ, single-cell 
transcriptomic atlas of humans. Science 376, eabl4896 (2022). 

53. Rozenblatt-Rosen, O., Stubbington, M.J.T., Regev, A. & Teichmann, S.A. 
The Human Cell Atlas: from vision to reality. Nature 550, 451-453 (2017). 

54. Regev, A. et al. The Human Cell Atlas. Elife 6 (2017). 
55. Eraslan, G. et al. Single-nucleus cross-tissue molecular reference maps 

toward understanding disease gene function. Science 376, eabl4290 (2022). 
56. Rood, J.E., Maartens, A., Hupalowska, A., Teichmann, S.A. & Regev, A. 

Impact of the Human Cell Atlas on medicine. Nat Med 28, 2486-2496 (2022). 
57. Shi, Q., Chen, X. & Zhang, Z. Decoding Human Biology and Disease Using 

Single-cell Omics Technologies. Genomics Proteomics Bioinformatics 
(2023). 

58. Coronaviridae Study Group of the International Committee on Taxonomy of, 
V. The species Severe acute respiratory syndrome-related coronavirus: 
classifying 2019-nCoV and naming it SARS-CoV-2. Nat Microbiol 5, 536-544 
(2020). 

59. Huang, C. et al. Clinical features of patients infected with 2019 novel 
coronavirus in Wuhan, China. Lancet 395, 497-506 (2020). 

60. Lu, R. et al. Genomic characterisation and epidemiology of 2019 novel 
coronavirus: implications for virus origins and receptor binding. Lancet 395, 
565-574 (2020). 

61. Zhou, P. et al. A pneumonia outbreak associated with a new coronavirus of 
probable bat origin. Nature 579, 270-273 (2020). 

62. Zhu, N. et al. A Novel Coronavirus from Patients with Pneumonia in China, 
2019. N Engl J Med 382, 727-733 (2020). 

63. Wang, C., Horby, P.W., Hayden, F.G. & Gao, G.F. A novel coronavirus 
outbreak of global health concern. Lancet 395, 470-473 (2020). 



5. List of References 

99 

64. Wu, Z. & McGoogan, J.M. Characteristics of and Important Lessons From 
the Coronavirus Disease 2019 (COVID-19) Outbreak in China: Summary of 
a Report of 72314 Cases From the Chinese Center for Disease Control and 
Prevention. JAMA 323, 1239-1242 (2020). 

65. Ahmad Malik, J. et al. The Impact of COVID-19 On Comorbidities: A Review 
Of Recent Updates For Combating It. Saudi J Biol Sci 29, 3586-3599 (2022). 

66. Ng, W.H. et al. Comorbidities in SARS-CoV-2 Patients: a Systematic Review 
and Meta-Analysis. mBio 12 (2021). 

67. Gao, Y.D. et al. Risk factors for severe and critically ill COVID-19 patients: A 
review. Allergy 76, 428-455 (2021). 

68. O'Driscoll, M. et al. Age-specific mortality and immunity patterns of SARS-
CoV-2. Nature 590, 140-145 (2021). 

69. Tartof, S.Y. et al. Prior SARS-CoV-2 infection and COVID-19 vaccine 
effectiveness against outpatient illness during widespread circulation of 
SARS-CoV-2 Omicron variant, US Flu VE network. Influenza Other Respir 
Viruses 17, e13143 (2023). 

70. Organization, W.H. WHO COVID-19 Dashboard. (2023). 
https://data.who.int/dashboards/covid19/. 

71. Hoffmann, M. et al. SARS-CoV-2 Cell Entry Depends on ACE2 and 
TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell 181, 
271-280 e278 (2020). 

72. Lukassen, S. et al. SARS-CoV-2 receptor ACE2 and TMPRSS2 are primarily 
expressed in bronchial transient secretory cells. EMBO J 39, e105114 
(2020). 

73. Park, A. & Iwasaki, A. Type I and Type III Interferons - Induction, Signaling, 
Evasion, and Application to Combat COVID-19. Cell Host Microbe 27, 870-
878 (2020). 

74. Jensen, S. & Thomsen, A.R. Sensing of RNA viruses: a review of innate 
immune receptors involved in recognizing RNA virus invasion. J Virol 86, 
2900-2910 (2012). 

75. McNab, F., Mayer-Barber, K., Sher, A., Wack, A. & O'Garra, A. Type I 
interferons in infectious disease. Nat Rev Immunol 15, 87-103 (2015). 

76. Honda, K., Takaoka, A. & Taniguchi, T. Type I interferon [corrected] gene 
induction by the interferon regulatory factor family of transcription factors. 
Immunity 25, 349-360 (2006). 

77. Ezeonwumelu, I.J., Garcia-Vidal, E. & Ballana, E. JAK-STAT Pathway: A 
Novel Target to Tackle Viral Infections. Viruses 13 (2021). 

78. Nan, Y., Wu, C. & Zhang, Y.J. Interplay between Janus Kinase/Signal 
Transducer and Activator of Transcription Signaling Activated by Type I 
Interferons and Viral Antagonism. Front Immunol 8, 1758 (2017). 

79. Rauch, I., Muller, M. & Decker, T. The regulation of inflammation by 
interferons and their STATs. JAKSTAT 2, e23820 (2013). 

80. Felgenhauer, U. et al. Inhibition of SARS-CoV-2 by type I and type III 
interferons. J Biol Chem 295, 13958-13964 (2020). 

81. Hayn, M. et al. Systematic functional analysis of SARS-CoV-2 proteins 
uncovers viral innate immune antagonists and remaining vulnerabilities. Cell 
Rep 35, 109126 (2021). 

82. Lokugamage, K.G. et al. Type I Interferon Susceptibility Distinguishes SARS-
CoV-2 from SARS-CoV. J Virol 94 (2020). 

https://data.who.int/dashboards/covid19/


5. List of References 

100 

83. Bastard, P. et al. Autoantibodies against type I IFNs in patients with life-
threatening COVID-19. Science 370 (2020). 

84. Lopez, J. et al. Early nasal type I IFN immunity against SARS-CoV-2 is 
compromised in patients with autoantibodies against type I IFNs. J Exp Med 
218 (2021). 

85. Zhang, Q. et al. Inborn errors of type I IFN immunity in patients with life-
threatening COVID-19. Science 370 (2020). 

86. Hung, I.F. et al. Triple combination of interferon beta-1b, lopinavir-ritonavir, 
and ribavirin in the treatment of patients admitted to hospital with COVID-19: 
an open-label, randomised, phase 2 trial. Lancet 395, 1695-1704 (2020). 

87. Mantovani, A. et al. Coronavirus disease 2019 (COVID-19) in children and/or 
adolescents: a meta-analysis. Pediatr Res 89, 733-737 (2021). 

88. Wilde, H. et al. Hospital admissions linked to SARS-CoV-2 infection in 
children and adolescents: cohort study of 3.2 million first ascertained 
infections in England. BMJ 382, e073639 (2023). 

89. Gotzinger, F. et al. COVID-19 in children and adolescents in Europe: a 
multinational, multicentre cohort study. Lancet Child Adolesc Health 4, 653-
661 (2020). 

90. Castagnoli, R. et al. Severe Acute Respiratory Syndrome Coronavirus 2 
(SARS-CoV-2) Infection in Children and Adolescents: A Systematic Review. 
JAMA Pediatr 174, 882-889 (2020). 

91. Goldstein, E., Lipsitch, M. & Cevik, M. On the Effect of Age on the 
Transmission of SARS-CoV-2 in Households, Schools, and the Community. 
J Infect Dis 223, 362-369 (2021). 

92. Smith, C. et al. Deaths in children and young people in England after SARS-
CoV-2 infection during the first pandemic year. Nat Med 28, 185-192 (2022). 

93. UNICEF Child mortality and COVID-19. (UNICEF Data; December 2023). 
https://data.unicef.org/topic/child-survival/covid-19/. 

94. Baggio, S. et al. Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2) Viral Load in the Upper Respiratory Tract of Children and Adults With 
Early Acute Coronavirus Disease 2019 (COVID-19). Clin Infect Dis 73, 148-
150 (2021). 

95. Koch, C.M. et al. Age-related Differences in the Nasal Mucosal Immune 
Response to SARS-CoV-2. Am J Respir Cell Mol Biol 66, 206-222 (2022). 

96. Pierce, C.A. et al. Natural mucosal barriers and COVID-19 in children. JCI 
Insight 6 (2021). 

97. Pierce, C.A. et al. Immune responses to SARS-CoV-2 infection in 
hospitalized pediatric and adult patients. Sci Transl Med 12 (2020). 

98. Yoshida, M. et al. Local and systemic responses to SARS-CoV-2 infection in 
children and adults. Nature 602, 321-327 (2022). 

99. Loske, J. et al. Pre-activated antiviral innate immunity in the upper airways 
controls early SARS-CoV-2 infection in children. Nat Biotechnol 40, 319-324 
(2022). 

100. Magalhaes, V.G. et al. Immune-epithelial cell cross-talk enhances antiviral 
responsiveness to SARS-CoV-2 in children. EMBO Rep 24, e57912 (2023). 

101. Liu, W. et al. Delineating COVID-19 immunological features using single-cell 
RNA sequencing. Innovation (Camb) 3, 100289 (2022). 

102. Wilk, A.J. et al. A single-cell atlas of the peripheral immune response in 
patients with severe COVID-19. Nat Med 26, 1070-1076 (2020). 

https://data.unicef.org/topic/child-survival/covid-19/


5. List of References 

101 

103. Liao, M. et al. Single-cell landscape of bronchoalveolar immune cells in 
patients with COVID-19. Nat Med 26, 842-844 (2020). 

104. Ren, X. et al. COVID-19 immune features revealed by a large-scale single-
cell transcriptome atlas. Cell 184, 1895-1913 e1819 (2021). 

105. Melms, J.C. et al. A molecular single-cell lung atlas of lethal COVID-19. 
Nature 595, 114-119 (2021). 

106. Delorey, T.M. et al. COVID-19 tissue atlases reveal SARS-CoV-2 pathology 
and cellular targets. Nature 595, 107-113 (2021). 

107. Trump, S. et al. Hypertension delays viral clearance and exacerbates airway 
hyperinflammation in patients with COVID-19. Nat Biotechnol 39, 705-716 
(2021). 

108. Chua, R.L. et al. COVID-19 severity correlates with airway epithelium-
immune cell interactions identified by single-cell analysis. Nat Biotechnol 38, 
970-979 (2020). 

109. Mall, M.A. & Hartl, D. CFTR: cystic fibrosis and beyond. Eur Respir J 44, 
1042-1054 (2014). 

110. Kerem, B. et al. Identification of the cystic fibrosis gene: genetic analysis. 
Science 245, 1073-1080 (1989). 

111. Riordan, J.R. et al. Identification of the cystic fibrosis gene: cloning and 
characterization of complementary DNA. Science 245, 1066-1073 (1989). 

112. Rommens, J.M. et al. Identification of the cystic fibrosis gene: chromosome 
walking and jumping. Science 245, 1059-1065 (1989). 

113. Mall, M., Grubb, B.R., Harkema, J.R., O'Neal, W.K. & Boucher, R.C. 
Increased airway epithelial Na+ absorption produces cystic fibrosis-like lung 
disease in mice. Nat Med 10, 487-493 (2004). 

114. Mall, M.A., Graeber, S.Y., Stahl, M. & Zhou-Suckow, Z. Early cystic fibrosis 
lung disease: Role of airway surface dehydration and lessons from 
preventive rehydration therapies in mice. Int J Biochem Cell Biol 52, 174-179 
(2014). 

115. Burns, J.L. et al. Longitudinal assessment of Pseudomonas aeruginosa in 
young children with cystic fibrosis. J Infect Dis 183, 444-452 (2001). 

116. Nakamura, H., Yoshimura, K., McElvaney, N.G. & Crystal, R.G. Neutrophil 
elastase in respiratory epithelial lining fluid of individuals with cystic fibrosis 
induces interleukin-8 gene expression in a human bronchial epithelial cell 
line. J Clin Invest 89, 1478-1484 (1992). 

117. Birrer, P. et al. Protease-antiprotease imbalance in the lungs of children with 
cystic fibrosis. Am J Respir Crit Care Med 150, 207-213 (1994). 

118. Dittrich, A.S. et al. Elastase activity on sputum neutrophils correlates with 
severity of lung disease in cystic fibrosis. Eur Respir J 51 (2018). 

119. De Boeck, K. Cystic fibrosis in the year 2020: A disease with a new face. Acta 
Paediatr 109, 893-899 (2020). 

120. Stoltz, D.A., Meyerholz, D.K. & Welsh, M.J. Origins of cystic fibrosis lung 
disease. N Engl J Med 372, 1574-1575 (2015). 

121. Matsui, H. et al. Evidence for periciliary liquid layer depletion, not abnormal 
ion composition, in the pathogenesis of cystic fibrosis airways disease. Cell 
95, 1005-1015 (1998). 

122. Choi, J.Y. et al. Aberrant CFTR-dependent HCO3- transport in mutations 
associated with cystic fibrosis. Nature 410, 94-97 (2001). 

123. Dalemans, W. et al. Altered chloride ion channel kinetics associated with the 
delta F508 cystic fibrosis mutation. Nature 354, 526-528 (1991). 



5. List of References 

102 

124. Riordan, J.R. CFTR function and prospects for therapy. Annu Rev Biochem 
77, 701-726 (2008). 

125. Cystic Fibrosis Mutation Database. (April 2011). 
http://www.genet.sickkids.on.ca/StatisticsPage.html. 

126. Graeber, S.Y. & Mall, M.A. The future of cystic fibrosis treatment: from 
disease mechanisms to novel therapeutic approaches. Lancet (2023). 

127. LeGrys, V.A. et al. Diagnostic sweat testing: the Cystic Fibrosis Foundation 
guidelines. J Pediatr 151, 85-89 (2007). 

128. Bray, P.T., Clark, G.C., Moody, G.J., Thomas, G. & Thomas, J.D. Sweat 
testing for cystic fibrosis. Diagnostic screening with a combination chloride 
ion-selective electrode. Arch Dis Child 53, 483-486 (1978). 

129. in Cystic Fibrosis: Diagnosis and management (London; 2017). 
130. Barben, J. et al. The expansion and performance of national newborn 

screening programmes for cystic fibrosis in Europe. J Cyst Fibros 16, 207-
213 (2017). 

131. Southern, K.W. et al. A survey of newborn screening for cystic fibrosis in 
Europe. J Cyst Fibros 6, 57-65 (2007). 

132. Rosenfeld, M. et al. Real-world Associations of US Cystic Fibrosis Newborn 
Screening Programs With Nutritional and Pulmonary Outcomes. JAMA 
Pediatr 176, 990-999 (2022). 

133. Foundation, C.F. Carrier Testing for Cystic Fibrosis, Vol. 2024. 
https://www.cff.org/intro-cf/carrier-testing-cystic-fibrosis. 

134. Pyle, L.C. et al. Regulatory domain phosphorylation to distinguish the 
mechanistic basis underlying acute CFTR modulators. Am J Physiol Lung 
Cell Mol Physiol 301, L587-597 (2011). 

135. Ramsey, B.W. et al. A CFTR potentiator in patients with cystic fibrosis and 
the G551D mutation. N Engl J Med 365, 1663-1672 (2011). 

136. Van Goor, F. et al. Rescue of CF airway epithelial cell function in vitro by a 
CFTR potentiator, VX-770. Proc Natl Acad Sci U S A 106, 18825-18830 
(2009). 

137. Graeber, S.Y. et al. Effects of Lumacaftor-Ivacaftor Therapy on Cystic 
Fibrosis Transmembrane Conductance Regulator Function in Phe508del 
Homozygous Patients with Cystic Fibrosis. Am J Respir Crit Care Med 197, 
1433-1442 (2018). 

138. Wainwright, C.E. et al. Lumacaftor-Ivacaftor in Patients with Cystic Fibrosis 
Homozygous for Phe508del CFTR. N Engl J Med 373, 220-231 (2015). 

139. Donaldson, S.H. et al. Tezacaftor/Ivacaftor in Subjects with Cystic Fibrosis 
and F508del/F508del-CFTR or F508del/G551D-CFTR. Am J Respir Crit 
Care Med 197, 214-224 (2018). 

140. Taylor-Cousar, J.L. et al. Tezacaftor-Ivacaftor in Patients with Cystic Fibrosis 
Homozygous for Phe508del. N Engl J Med 377, 2013-2023 (2017). 

141. Hoy, S.M. Elexacaftor/Ivacaftor/Tezacaftor: First Approval. Drugs 79, 2001-
2007 (2019). 

142. Middleton, P.G. et al. Elexacaftor-Tezacaftor-Ivacaftor for Cystic Fibrosis with 
a Single Phe508del Allele. N Engl J Med 381, 1809-1819 (2019). 

143. Ridley, K. & Condren, M. Elexacaftor-Tezacaftor-Ivacaftor: The First Triple-
Combination Cystic Fibrosis Transmembrane Conductance Regulator 
Modulating Therapy. J Pediatr Pharmacol Ther 25, 192-197 (2020). 

144. Wainwright, C. et al. Long-Term Safety and Efficacy of 
Elexacaftor/Tezacaftor/Ivacaftor in Children Aged ⩾6 Years with Cystic 

http://www.genet.sickkids.on.ca/StatisticsPage.html
https://www.cff.org/intro-cf/carrier-testing-cystic-fibrosis


5. List of References 

103 

Fibrosis and at Least One F508del Allele: A Phase 3, Open-Label Clinical 
Trial. Am J Respir Crit Care Med 208, 68-78 (2023). 

145. Goralski, J.L. et al. Phase 3 Open-Label Clinical Trial of 
Elexacaftor/Tezacaftor/Ivacaftor in Children Aged 2-5 Years with Cystic 
Fibrosis and at Least One F508del Allele. Am J Respir Crit Care Med 208, 
59-67 (2023). 

146. Griese, M. et al. Safety and Efficacy of Elexacaftor/Tezacaftor/Ivacaftor for 
24 Weeks or Longer in People with Cystic Fibrosis and One or More F508del 
Alleles: Interim Results of an Open-Label Phase 3 Clinical Trial. Am J Respir 
Crit Care Med 203, 381-385 (2021). 

147. Heijerman, H.G.M. et al. Efficacy and safety of the elexacaftor plus tezacaftor 
plus ivacaftor combination regimen in people with cystic fibrosis homozygous 
for the F508del mutation: a double-blind, randomised, phase 3 trial. Lancet 
394, 1940-1948 (2019). 

148. Zemanick, E.T. et al. A Phase 3 Open-Label Study of 
Elexacaftor/Tezacaftor/Ivacaftor in Children 6 through 11 Years of Age with 
Cystic Fibrosis and at Least One F508del Allele. Am J Respir Crit Care Med 
203, 1522-1532 (2021). 

149. Graeber, S.Y. et al. Effects of Elexacaftor/Tezacaftor/Ivacaftor Therapy on 
CFTR Function in Patients with Cystic Fibrosis and One or Two F508del 
Alleles. Am J Respir Crit Care Med 205, 540-549 (2022). 

150. Graeber, S.Y. et al. Effects of Elexacaftor/Tezacaftor/Ivacaftor Therapy on 
Lung Clearance Index and Magnetic Resonance Imaging in Patients with 
Cystic Fibrosis and One or Two F508del Alleles. Am J Respir Crit Care Med 
206, 311-320 (2022). 

151. Casey, M. et al. Effect of elexacaftor/tezacaftor/ivacaftor on airway and 
systemic inflammation in cystic fibrosis. Thorax 78, 835-839 (2023). 

152. Nichols, D.P. et al. Pharmacologic improvement of CFTR function rapidly 
decreases sputum pathogen density, but lung infections generally persist. J 
Clin Invest 133 (2023). 

153. Schaupp, L. et al. Longitudinal effects of elexacaftor/tezacaftor/ivacaftor on 
sputum viscoelastic properties, airway infection and inflammation in patients 
with cystic fibrosis. Eur Respir J 62 (2023). 

154. Mall, M.A. et al. Efficacy and Safety of Elexacaftor/Tezacaftor/Ivacaftor in 
Children 6 Through 11 Years of Age with Cystic Fibrosis Heterozygous for 
F508del and a Minimal Function Mutation: A Phase 3b, Randomized, 
Placebo-controlled Study. Am J Respir Crit Care Med 206, 1361-1369 
(2022). 

155. Carraro, G. et al. Transcriptional analysis of cystic fibrosis airways at single-
cell resolution reveals altered epithelial cell states and composition. Nat Med 
27, 806-814 (2021). 

156. Schupp, J.C. et al. Single-Cell Transcriptional Archetypes of Airway 
Inflammation in Cystic Fibrosis. Am J Respir Crit Care Med 202, 1419-1429 
(2020). 

157. Martinez-Castaldi, C., Silverstein, M. & Bauchner, H. Child versus adult 
research: the gap in high-quality study design. Pediatrics 122, 52-57 (2008). 

158. Farrell, P.M. et al. Evidence on improved outcomes with early diagnosis of 
cystic fibrosis through neonatal screening: enough is enough! J Pediatr 147, 
S30-36 (2005). 



5. List of References 

104 

159. Marks, M.P. et al. Most Short Children with Cystic Fibrosis Do Not Catch Up 
by Adulthood. Nutrients 13 (2021). 

160. Sly, P.D. et al. Lung disease at diagnosis in infants with cystic fibrosis 
detected by newborn screening. Am J Respir Crit Care Med 180, 146-152 
(2009). 

161. Zhao, S., Fung-Leung, W.P., Bittner, A., Ngo, K. & Liu, X. Comparison of 
RNA-Seq and microarray in transcriptome profiling of activated T cells. PLoS 
One 9, e78644 (2014). 

162. Mortazavi, A., Williams, B.A., McCue, K., Schaeffer, L. & Wold, B. Mapping 
and quantifying mammalian transcriptomes by RNA-Seq. Nat Methods 5, 
621-628 (2008). 

163. Wang, Z., Gerstein, M. & Snyder, M. RNA-Seq: a revolutionary tool for 
transcriptomics. Nat Rev Genet 10, 57-63 (2009). 

164. Rao, A., Barkley, D., Franca, G.S. & Yanai, I. Exploring tissue architecture 
using spatial transcriptomics. Nature 596, 211-220 (2021). 

165. Larsson, L., Frisen, J. & Lundeberg, J. Spatially resolved transcriptomics 
adds a new dimension to genomics. Nat Methods 18, 15-18 (2021). 

166. Rendeiro, A.F. et al. The spatial landscape of lung pathology during COVID-
19 progression. Nature 593, 564-569 (2021). 

167. Cross, A.R. et al. Spatial transcriptomic characterization of COVID-19 
pneumonitis identifies immune circuits related to tissue injury. JCI Insight 8 
(2023). 

168. Madissoon, E. et al. A spatially resolved atlas of the human lung 
characterizes a gland-associated immune niche. Nat Genet 55, 66-77 (2023). 

169. Salinas, D. et al. Submucosal gland dysfunction as a primary defect in cystic 
fibrosis. FASEB J 19, 431-433 (2005). 

170. Joo, N.S. et al. Absent secretion to vasoactive intestinal peptide in cystic 
fibrosis airway glands. J Biol Chem 277, 50710-50715 (2002). 

171. Yu, W. et al. Cellular and molecular architecture of submucosal glands in 
wild-type and cystic fibrosis pigs. Proc Natl Acad Sci U S A 119 (2022). 

172. Hocine, S., Singer, R.H. & Grunwald, D. RNA processing and export. Cold 
Spring Harb Perspect Biol 2, a000752 (2010). 

173. Kreitmaier, P., Katsoula, G. & Zeggini, E. Insights from multi-omics 
integration in complex disease primary tissues. Trends Genet 39, 46-58 
(2023). 

174. Chen, C. et al. Applications of multi-omics analysis in human diseases. 
MedComm (2020) 4, e315 (2023). 

175. Ziegler, C.G.K. et al. Impaired local intrinsic immunity to SARS-CoV-2 
infection in severe COVID-19. Cell 184, 4713-4733 e4722 (2021). 

176. Smith, N. et al. Distinct systemic and mucosal immune responses during 
acute SARS-CoV-2 infection. Nat Immunol 22, 1428-1439 (2021). 

177. Zhang, L., Nishi, H. & Kinoshita, K. Single-cell RNA-seq public data reveal 
the gene regulatory network landscape of respiratory epithelial and 
peripheral immune cells in COVID-19 patients. Front Immunol 14, 1194614 
(2023). 

178. Meerhoff, T.J. et al. Detection of multiple respiratory pathogens during 
primary respiratory infection: nasal swab versus nasopharyngeal aspirate 
using real-time polymerase chain reaction. Eur J Clin Microbiol Infect Dis 29, 
365-371 (2010). 



5. List of References 

105 

179. Ginocchio, C.C.M., A.J. Current Best Practices for Respiratory Virus Testing. 
J Clin Microbiol, S44-48 (2011). 

180. Jung, E.J. et al. Comparison of Nasal Swabs, Nasopharyngeal Swabs, and 
Saliva Samples for the Detection of SARS-CoV-2 and other Respiratory Virus 
Infections. Ann Lab Med 43, 434-442 (2023). 

181. Oh, S.M. et al. Clinical Application of the Standard Q COVID-19 Ag Test for 
the Detection of SARS-CoV-2 Infection. J Korean Med Sci 36, e101 (2021). 

182. Covalciuc, K.A., Webb, K.H. & Carlson, C.A. Comparison of four clinical 
specimen types for detection of influenza A and B viruses by optical 
immunoassay (FLU OIA test) and cell culture methods. J Clin Microbiol 37, 
3971-3974 (1999). 

183. Coughtrie, A.L. et al. Evaluation of swabbing methods for estimating the 
prevalence of bacterial carriage in the upper respiratory tract: a cross 
sectional study. BMJ Open 4, e005341 (2014). 

184. Seaman, C.P., Tran, L.T.T., Cowling, B.J. & Sullivan, S.G. Self-collected 
compared with professional-collected swabbing in the diagnosis of influenza 
in symptomatic individuals: A meta-analysis and assessment of validity. J 
Clin Virol 118, 28-35 (2019). 

185. Palmas, G. et al. Nasal Swab as Preferred Clinical Specimen for COVID-19 
Testing in Children. Pediatr Infect Dis J 39, e267-e270 (2020). 

186. Nahar, K. et al. Nasal swab as an alternative specimen for the detection of 
severe acute respiratory syndrome coronavirus 2. Health Sci Rep 6, e1213 
(2023). 

187. Lai, C.K.C. & Lam, W. Laboratory testing for the diagnosis of COVID-19. 
Biochem Biophys Res Commun 538, 226-230 (2021). 

188. Loske, J. et al. Pharmacological Improvement of CFTR Function Rescues 
Airway Epithelial Homeostasis and Host Defense in Children with Cystic 
Fibrosis. Am J Respir Crit Care Med (2024). 

189. Roubidoux, E.K. et al. Utility of nasal swabs for assessing mucosal immune 
responses towards SARS-CoV-2. Sci Rep 13, 17820 (2023). 

190. Abu-Diab, A. et al. Comparison between pernasal flocked swabs and 
nasopharyngeal aspirates for detection of common respiratory viruses in 
samples from children. J Clin Microbiol 46, 2414-2417 (2008). 

191. Macfarlane, P., Denham, J., Assous, J. & Hughes, C. RSV testing in 
bronchiolitis: which nasal sampling method is best? Arch Dis Child 90, 634-
635 (2005). 

192. Chan, K.H., Peiris, J.S., Lim, W., Nicholls, J.M. & Chiu, S.S. Comparison of 
nasopharyngeal flocked swabs and aspirates for rapid diagnosis of 
respiratory viruses in children. J Clin Virol 42, 65-69 (2008). 

193. Demetriades, D.I., K.; Lumb, P.D. 7. Bronchoalveolar Lavage, Vol. Atlas of 
Critical Care Procedures. (2018). 

194. Scudieri, P. et al. Ionocytes and CFTR Chloride Channel Expression in 
Normal and Cystic Fibrosis Nasal and Bronchial Epithelial Cells. Cells 9 
(2020). 

195. Severe Covid, G.G. et al. Genomewide Association Study of Severe Covid-
19 with Respiratory Failure. N Engl J Med 383, 1522-1534 (2020). 

196. Di Pietro, G.M. et al. SARS-CoV-2 infection in children: A 24 months 
experience with focus on risk factors in a pediatric tertiary care hospital in 
Milan, Italy. Front Pediatr 11, 1082083 (2023). 



5. List of References 

106 

197. Rutherford, M.N., Hannigan, G.E. & Williams, B.R. Interferon-induced binding 
of nuclear factors to promoter elements of the 2-5A synthetase gene. EMBO 
J 7, 751-759 (1988). 

198. Chen, Y. et al. Genome-wide DNA methylation profiling shows a distinct 
epigenetic signature associated with lung macrophages in cystic fibrosis. Clin 
Epigenetics 10, 152 (2018). 

199. Magalhaes, M. et al. Dynamic changes of DNA methylation and lung disease 
in cystic fibrosis: lessons from a monogenic disease. Epigenomics 10, 1131-
1145 (2018). 

200. Armstrong, D. et al. Severe viral respiratory infections in infants with cystic 
fibrosis. Pediatr Pulmonol 26, 371-379 (1998). 

201. Wang, E.E., Prober, C.G., Manson, B., Corey, M. & Levison, H. Association 
of respiratory viral infections with pulmonary deterioration in patients with 
cystic fibrosis. N Engl J Med 311, 1653-1658 (1984). 

202. Kieninger, E. et al. High rhinovirus burden in lower airways of children with 
cystic fibrosis. Chest 143, 782-790 (2013). 

203. Colombo, C. et al. Clinical course and risk factors for severe COVID-19 
among Italian patients with cystic fibrosis: a study within the Italian Cystic 
Fibrosis Society. Infection 50, 671-679 (2022). 

204. Jung, A. et al. Factors for severe outcomes following SARS-CoV-2 infection 
in people with cystic fibrosis in Europe. ERJ Open Res 7 (2021). 

205. McClenaghan, E. et al. The global impact of SARS-CoV-2 in 181 people with 
cystic fibrosis. J Cyst Fibros 19, 868-871 (2020). 

206. Bain, R. et al. Clinical characteristics of SARS-CoV-2 infection in children 
with cystic fibrosis: An international observational study. J Cyst Fibros 20, 25-
30 (2021). 

207. Colombo, C. et al. SARS-CoV-2 infection in cystic fibrosis: A multicentre 
prospective study with a control group, Italy, February-July 2020. PLoS One 
16, e0251527 (2021). 

208. Carr, S.B. et al. Factors associated with clinical progression to severe 
COVID-19 in people with cystic fibrosis: A global observational study. J Cyst 
Fibros 21, e221-e231 (2022). 

209. Lagni, A. et al. CFTR Inhibitors Display In Vitro Antiviral Activity against 
SARS-CoV-2. Cells 12 (2023). 

210. Lotti, V. et al. CFTR Modulation Reduces SARS-CoV-2 Infection in Human 
Bronchial Epithelial Cells. Cells 11 (2022). 

211. Bezzerri, V. et al. SARS-CoV-2 viral entry and replication is impaired in Cystic 
Fibrosis airways due to ACE2 downregulation. Nat Commun 14, 132 (2023). 

212. Bitossi, C. et al. SARS-CoV-2 Entry Genes Expression in Relation with 
Interferon Response in Cystic Fibrosis Patients. Microorganisms 9 (2021). 

213. Yuan, Z., Shao, Z., Ma, L. & Guo, R. Clinical Severity of SARS-CoV-2 
Variants during COVID-19 Vaccination: A Systematic Review and Meta-
Analysis. Viruses 15 (2023). 

214. Twohig, K.A. et al. Hospital admission and emergency care attendance risk 
for SARS-CoV-2 delta (B.1.617.2) compared with alpha (B.1.1.7) variants of 
concern: a cohort study. Lancet Infect Dis 22, 35-42 (2022). 

215. Jank, M. et al. Comparing SARS-CoV-2 variants among children and 
adolescents in Germany: relative risk of COVID-19-related hospitalization, 
ICU admission and mortality. Infection 51, 1357-1367 (2023). 



5. List of References 

107 

216. Davis, H.E., McCorkell, L., Vogel, J.M. & Topol, E.J. Long COVID: major 
findings, mechanisms and recommendations. Nat Rev Microbiol 21, 133-146 
(2023). 

217. Ceban, F. et al. Fatigue and cognitive impairment in Post-COVID-19 
Syndrome: A systematic review and meta-analysis. Brain Behav Immun 101, 
93-135 (2022). 

218. Paper, A.F.H.W. Patients Diagnosed with Post-COVID Conditions: An 
Analysis of Private Healthcare Claims Using the Official ICD-10 Diagnostic 
Code (2022). 

219. Rao, S. et al. Clinical Features and Burden of Postacute Sequelae of SARS-
CoV-2 Infection in Children and Adolescents. JAMA Pediatr 176, 1000-1009 
(2022). 

220. Buonsenso, D. et al. Preliminary evidence on long COVID in children. Acta 
Paediatr 110, 2208-2211 (2021). 

221. Lopez-Leon, S. et al. Long-COVID in children and adolescents: a systematic 
review and meta-analyses. Sci Rep 12, 9950 (2022). 

222. Schutz, K. et al. Spirometric and anthropometric improvements in response 
to elexacaftor/tezacaftor/ivacaftor depending on age and lung disease 
severity. Front Pharmacol 14, 1171544 (2023). 

223. Zemanick, E.T. et al. Heterogeneity of CFTR modulator-induced sweat 
chloride concentrations in people with cystic fibrosis. J Cyst Fibros (2024). 

224. Foundation, C.F. Managing CF: The Digestive Tract, Vol. 2024. 
https://www.cff.org/managing-cf/digestive-tract. 

 

https://www.cff.org/managing-cf/digestive-tract

	Dissertation_JLoske_publish.pdf

