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Abstract 
Background 
Cystic fibrosis (CF) is a multisystem genetic disease characterized by chronic 
airway infection, inflammation, and progressive loss of lung function. As life 
expectancy has increased in people with CF, extrapulmonary comorbidities have 
become increasingly important determinants of morbidity and mortality. Among 
these, cystic fibrosis–related diabetes (CFRD) and cystic fibrosis hepatobiliary 
involvement (CFHBI) are common and clinically significant complications. 
However, the mechanisms linking CFRD to impaired lung function, the impact of 
impaired glycaemic control, and the effects of highly effective CFTR modulator 
therapy on extrapulmonary disease remain incompletely understood. 

Aims 
The overall aim of this thesis was to investigate the role of CFRD and dysglycaemia 
in CF lung disease, with a particular focus on airway inflammation, proteomic and 
microbiome signatures, and longitudinal lung function trajectories, as well as to 
evaluate the impact of CFTR modulator therapy on hepatobiliary involvement in 
children with CF. 

Methods and results 
In Paper I, airway inflammation, bacterial load, and the sputum proteome were 
compared in people with CF (pwCF) with and without CFRD. Individuals with 
CFRD exhibited significantly lower lung function and higher sputum levels of 
neutrophil elastase, IL-8, and IL-1β. Proteomic analyses identified CFRD-specific 
protein profiles involved in neutrophil degranulation and carbohydrate metabolism, 
suggesting distinct inflammatory and molecular signatures associated with CFRD 
beyond reduced lung function alone. 

Paper II examined whether CFRD was associated with alterations in the airway 
microbiome. PwCF with CFRD had lower lung function, elevated airway 
inflammation, and reduced bacterial diversity compared to those with CF alone. 
However, the association between CFRD and reduced microbial diversity was 
attenuated after adjustment for lung function, indicating that lung disease severity 
rather than diabetes per se was the primary driver of microbiome dysbiosis. 

In Paper III, nationwide Swedish CF registry data were used to explore the 
relationship between glucose tolerance status and longitudinal lung function 
decline. PwCF with CFRD had significantly lower baseline lung function compared 
to those with normal glucose tolerance (NGT), while individuals with impaired 
glucose tolerance (IGT) did not differ from the NGT group. Importantly, lung 
function decline over a three-year follow-up period did not differ between glucose 
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tolerance groups, suggesting that CFRD is associated with established lung function 
impairment rather than accelerated decline. 

Paper IV investigated the impact of the highly effective CFTR modulator therapy 
elexacaftor/tezacaftor/ivacaftor (ETI) on hepatobiliary involvement in children with 
CF. Treatment with ETI was associated with a significant reduction in liver stiffness, 
including in children with CFHBI, alongside improvements in lung function and 
lung clearance index, indicating a potential beneficial effect of ETI on 
extrapulmonary disease manifestations. 

Conclusion 
In conclusion, this thesis demonstrates how metabolic status, airway inflammation, 
and microbial composition jointly shape pulmonary health in cystic fibrosis, 
highlighting their relevance for precision medicine–oriented care. CFRD represents 
a distinct metabolic phenotype associated with reduced lung function and specific 
inflammatory, proteomic, and microbial airway signatures, whereas impaired 
glucose tolerance does not appear to confer comparable pulmonary impairment. The 
observed microbial dysbiosis in CFRD is largely driven by lung disease severity 
rather than glycaemic status alone, underscoring the need to contextualize 
biomarkers within individual disease characteristics. Furthermore, the beneficial 
effects of highly effective CFTR modulation on hepatobiliary involvement illustrate 
the potential for genotype- and organ-specific therapeutic responses. Collectively, 
these findings support a precision medicine framework in CF, where metabolic, 
inflammatory, and microbial profiling can inform risk stratification, guide 
individualized treatment strategies, including the care and surveillance of 
extrapulmonary complications, and optimize organ-specific outcomes across the 
lifespan. 
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Populärvetenskaplig sammanfattning 
Cystisk fibros (CF) är en ärftlig sjukdom som framför allt påverkar lungorna, men 
som även kan ge upphov till flera andra sjukdomstillstånd i kroppen. Tack vare 
förbättrad behandling lever personer med CF idag betydligt längre än tidigare, vilket 
har lett till att komplikationer utanför lungorna har fått allt större betydelse för hälsa 
och livskvalitet. Två vanliga sådana komplikationer är CF-relaterad diabetes 
(CFRD) och påverkan på lever och gallvägar. 

Denna avhandling undersöker hur ämnesomsättning, inflammation och 
mikroorganismer samverkar och påverkar organhälsan hos personer med CF. 
Särskilt fokus ligger på hur CFRD hänger samman med lungfunktion, inflammation 
i luftvägarna och bakterieflora i lungorna, samt hur modern CFTR-modulerande 
behandling, en behandling som korrigerar CFTR proteinet cellulärt, kan påverka 
leversjukdom hos barn med CF. 

I de första två studierna analyserades slem från luftvägarna hos personer med CF, 
med och utan CFRD. Resultaten visar att personer med CFRD har sämre 
lungfunktion och högre nivåer av inflammationsmarkörer, vilket tyder på en mer 
aktiv och skadlig inflammation i luftvägarna. Dessutom identifierades särskilda 
proteinmönster och förändringar i bakterieflora i luftvägarna hos personer med 
CFRD.  

Den tredje studien omfattar hela den svenska CF-populationen och följer 
lungfunktionen över tid hos personer med normalt blodsocker, nedsatt 
glukostolerans och CFRD. Studien visar att personer med CFRD har sämre 
lungfunktion, medan personer med nedsatt glukostolerans inte skiljer sig från dem 
med normalt blodsocker. Man kan inte se någon skillnad i hur snabbt 
lungfunktionen försämrades över tid mellan alla tre grupperna under en treårig 
observationstid.  

I den fjärde studien undersöktes effekten av den nya, mycket effektiva CFTR-
modulerande behandlingen elexakaftor/tezakaftor/ivakaftor (ETI) på leverpåverkan 
hos barn med CF. Resultaten visar att leverstyvheten, som är ett mått för 
leverfibrosutvecklingen, minskade efter insatt behandling, även hos barn som redan 
hade tecken på leverengagemang. Samtidigt förbättras både lungfunktion och 
lungornas ventilationsförmåga, vilket tyder på att behandlingen kan ha positiva 
effekter på flera organ i kroppen. 

Sammanfattningsvis visar denna avhandling att samspelet mellan ämnesomsättning, 
inflammation och bakterieflora har stor betydelse för hur olika organ påverkas vid 
cystisk fibros. Resultaten av avhandlingen understryker vikten av att anpassa vården 
efter varje person med CF individuellt, där metabol status, inflammationsnivåer och 
mikrobiella faktorer vägs samman för att kunna ge bästa möjliga behandling och 
uppföljning av personer med CF – både vad gäller lungor och andra organ. 
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Populärwissenschaftliche Zusammanfassung 
Zystische Fibrose (CF) ist eine erblich bedingte Erkrankung, die vor allem die 
Lunge betrifft, aber auch mehrere andere Organe im Körper beeinträchtigen kann. 
Dank immer wirksamerer Behandlung hat sich die Lebenserwartung von Menschen 
mit CF in den letzten Jahrzehnten deutlich erhöht. Dadurch gewinnen 
Begleiterkrankungen außerhalb der Lunge zunehmend an Bedeutung für die 
Gesundheit und Lebensqualität von Menschen mit CF. Zwei häufige 
Komplikationen sind die CF-assozierte Diabeteserkrankung (CFRD) sowie die 
Beeinträchtigungen von Leber und Gallengängen. 

Diese Dissertation untersucht, wie stoffwechselbedingte Veränderungen, 
Entzündungsprozesse und die bakterielle Besiedelung der Atemwege 
zusammenwirken und dadurch die Organgesundheit bei Menschen mit CF 
beeinflussen. Der besondere Fokus liegt darauf, wie CFRD mit der Lungenfunktion, 
mit Entzündung in den Atemwegen und mit der Bakterienflora in der Lunge 
zusammenspielt. Weiterhin wird untersucht, wie eine moderne Therapie, die am 
Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) ansetzt und die 
Funktion des defekten CFTR-Kanals direkt auf zellulärer Ebene verbessert, die 
Lebererkrankung bei Kindern mit CF beeinflussen kann. 

In den ersten beiden Studien wurde das Atemwegssekret von Erwachsenen mit CF 
analysiert. Die Kohorte wurde in zwei Gruppen eingeteilt: Erwachsene mit CF und 
CFRD, Erwachsene mit CF ohne CFRD. Die Ergebnisse zeigen, dass Personen mit 
CFRD eine niedrigere Lungenfunktion und höhere Werte an Entzündungsmarkern 
aufweisen, was auf eine aktivere Entzündung in den Atemwegen hindeutet. Darüber 
hinaus wurden bei Personen mit CFRD spezifische Proteinmuster und 
Veränderungen in der Atemwegs-Bakterienflora identifiziert. 

Die dritte Studie umfasst die gesamte schwedische CF-Population ab einem Alter 
von 10 Jahren und verfolgt ihre Lungenfunktion im Zeitverlauf von 3 Jahren. Die 
Kohorte wurde in drei Gruppen eingeteilt: Personen mit normalem Blutzucker, 
Personen mit gestörter Glukosetoleranz und Personen mit CFRD. Die Studie zeigt, 
dass Personen mit CFRD eine schlechtere Lungenfunktion haben, während sich 
Personen mit gestörter Glukosetoleranz nicht von denen mit normalen 
Blutzuckerwerten unterscheiden. Die Veränderung der Lungenfunktion über einen 
Beobachtungszeitraum von drei Jahren ist in allen drei Gruppen vergleichbar. 

In der vierten Studie wurde die Wirkung der neuen, hochwirksamen CFTR-
Modulator-Therapie Elexacaftor/Tezacaftor/Ivacaftor (ETI) auf die 
Lebererkrankung bei Kindern mit CF untersucht. Die Ergebnisse zeigen, dass die 
Lebersteifigkeit, die ein Maß für die Entwicklung einer Leberfibrose ist, nach 
Beginn der Behandlung mit ETI abnahm – selbst bei Kindern, die bereits Anzeichen 
einer Leberbeteiligung aufwiesen. Gleichzeitig verbesserten sich sowohl die 
Lungenfunktion als auch die Belüftungsfähigkeit der Lunge, was darauf hindeutet, 
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dass die Behandlung positive Auswirkungen auf mehrere Organe im Körper haben 
kann. 

Zusammenfassend zeigt diese Dissertation, dass das Zusammenspiel von 
Stoffwechsel, Entzündungsprozesse und Bakterienflora eine große Bedeutung dafür 
hat, wie verschiedene Organsysteme bei zystischer Fibrose beeinträchtigt werden. 
Die Ergebnisse der Arbeit unterstreichen, wie wichtig es ist, die Behandlung 
individuell auf jede Person mit CF abzustimmen, indem Stoffwechselstatus sowie 
entzündliche und mikrobielle Faktoren zusammen betrachtet werden, um die 
bestmögliche Behandlung für Menschen mit CF zu gewährleisten. Dies gilt sowohl 
im Hinblick auf die Lungenerkrankung als auch bezüglich anderer Organsysteme. 
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Thesis at a glance 
Paper Aim Method Results  
I To investigate airway 

inflammation and 
sputum proteomics in 
pwCF with and without 
CFRD. 
 

Observational study of 33 
pwCF. Airway inflammation 
was assessed by measuring 
cytokines and inflammatory 
mediators using Mesoscale 
and chromogenic assays, 
while the airway proteome was 
analysed by tandem mass 
spectrometry. 
 
 

PwCF with CFRD had 
lower lung function and 
elevated IL-1β, IL-8, and 
neutrophil elastase. A 
distinct airway proteome 
was observed in pwCF 
with and without CFRD, 
with differential expression 
of proteins involved in 
neutrophil degranulation 
and carbohydrate 
metabolism. 

II To investigate the 
airway microbiome in 
pwCF with and without 
CFRD. 
 

Observational study of 44 
pwCF. Airway inflammation 
was assessed by measuring 
cytokines and inflammatory 
mediators using Mesoscale 
and chromogenic assays, 
while the airway microbiome 
was analysed by 16S rRNA 
gene amplification and 
sequencing. 

PwCF with CFRD had 
lower lung function and 
increased airway 
inflammation, along with 
reduced microbial diversity 
and evidence of dysbiosis. 
This was characterized by 
enrichment of Abiotrophia, 
Anaeroglobus, and 
Escherichia–Shigella. 

III To evaluate lung 
function trajectories 
across different 
glycaemic statuses in 
pwCF. 

Retrospective Swedish CF 
registry study. Baseline and 
longitudinal lung function were 
assessed over a three-year 
period in pwCF. 
 

PwCF with CFRD 
exhibited lower baseline 
lung function; however, 
the rate of lung function 
decline over time did not 
differ between glycaemic 
status groups. 

IV To evaluate the effect 
of ETI on liver stiffness 
in pwCF. 
 

Retrospective study of 21 
pwCF. Liver stiffness was 
evaluated using 2D shear 
wave liver elastography. 
 

ETI treatment for at least 
three months was 
associated with a 
significant reduction in 
liver stiffness in the overall 
cohort, as well as in pwCF 
with established 
hepatobiliary involvement. 
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Preface 
When I began my research journey in cystic fibrosis (CF) in 2007, the disease had 
a completely different face and impact on individuals than it does today. The daily 
treatment burden, the constant effort required to maintain quality of life, and the 
struggle to preserve lung function have shaped both the lives of people with CF and 
our medical approach. Much of this has changed in recent years with the 
introduction of CFTR modulator therapy, which fundamentally transformed the 
clinical course and long-term outlook for many people with CF. 

Scientifically, I was fortunate to experience this transformation from multiple 
angles. My journey began in Heidelberg in the laboratory of Prof. Marcus Mall, 
where I worked with the βENaC-overexpressing mouse model, a model for CF-like 
lung disease. There, I studied mechanisms of lung emphysema and the 
protease/antiprotease imbalance in vivo, gaining deep insight into early 
pathophysiological processes. Later, at Lund University, my work shifted toward 
the clinical side, investigating the impact of CFTR modulator therapy on CF-related 
liver disease and studying the impact of CF-related diabetes on lung disease, 
reflecting the evolving needs and challenges of an aging CF population. 

CF is a disease with many faces - and these faces have changed dramatically over 
the past decade. As CF clinicians and researchers, we have been compelled to 
rethink old paradigms, explore new clinical questions, and accompany patients into 
a fundamentally different “new world” shaped by transformative therapies. 

Today, CF research increasingly focuses on CF-related complications. As the 
disease has shifted from primarily paediatric to predominantly adult, with 
near-normal life expectancy for many, new challenges have emerged. 
Understanding metabolic, hepatic, and systemic consequences has become crucial. 

The focus of this thesis is therefore twofold: 

1. To investigate how CF-related diabetes influences CF lung disease, 
particularly through inflammatory pathways, and 

2. To study how CFTR modulator therapy affects CF related hepatobiliary 
involvement, an area of growing importance in modern CF care. 
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Introduction  

Cystic fibrosis (CF) is a chronic, inherited multi-organ disease caused by mutations 
in the CFTR gene (1). The CFTR gene is located on the long arm of chromosome 7 
(7q31.2)  encoding the CFTR protein consisting of 1480 amino acids, 27 exons, and 
26 introns (2). CF is inherited in an autosomal recessive manner and is the most 
common inherited disease in the Caucasian population. The cystic fibrosis 
transmembrane conductance regulator protein is a membrane protein expressed 
predominantly at the apical surface of epithelial cells in exocrine tissues, including 
the airways, pancreas, intestine, hepatobiliary system, reproductive tract, and sweat 
glands.  

The CFTR protein (Figure 1) is composed of five major domains: two 
membrane-spanning domains (MSD1 and MSD2), two cytoplasmic 
nucleotide-binding domains (NBD1 and NBD2), and a regulatory (R) domain that 
is unique among ABC transporters (3). Each MSD contains six transmembrane 
helices that form the pore through which anions traverse. The NBDs bind and 
hydrolyse ATP, generating conformational changes that open and close the channel 
pore. Regulation of the CFTR protein begins with phosphorylation of the R domain 
by protein kinase A (PKA), a process triggered by intracellular cAMP signalling 
(4). Once phosphorylated, ATP binding at the NBDs induces channel opening, and 
subsequent ATP hydrolysis results in channel closure. This tightly controlled gating 
mechanism allows CFTR to respond dynamically to hormonal and intracellular 
signals, enabling precise regulation of epithelial ion transport.  
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Figure 1.  
Structure of the CFTR protein and its domains. AI generated ChatGPT. 

CFTR primarily functions as a cAMP-regulated anion channel that transports 
chloride (Cl⁻) and bicarbonate (HCO₃⁻) ions across epithelial surfaces (5, 6).   

Its main role is to mediate the secretion of chloride ions from the cytoplasm into the 
lumen. Chloride secretion is a key determinant of epithelial fluid movement, as it 
generates osmotic gradients that drive passive water transport and, in coordination 
with the epithelial sodium channel (ENaC), regulates apical Na⁺ absorption (7). 

CFTR also conducts bicarbonate (HCO₃⁻), an anion essential for regulating luminal 
pH and fluid transport across the epithelium, and for correct mucin expansion (8-
10).  

Beyond its role as an anion channel, CFTR also regulates other transport systems, 
including ENaC, other Cl⁻ channels such as calcium-activated chloride channels, 
and chloride–bicarbonate exchangers such as SLC26A9 (5, 11, 12).  
CFTR is mainly expressed in epithelial cells but has also been described to be 
expressed in other cell types. CFTR has been found in immune cells, platelets, islet 
cells and intracellular organelles such as the endoplasmic reticulum, Golgi network, 
and endosomes (13-16).     

In summary, CFTR has multiple functions across different organ systems and 
intracellular processes. This complicates the understanding and treatment of patients 
with CFTR mutations.   
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CF - a genetic disease 
CF is an autosomal recessive disease affecting around 162, 428 people globally 
(17). It has traditionally been regarded as the most common inherited disease in the 
Caucasian population with a 1:25 carrier frequency in the Northern European 
Caucasian population. Recent research shows that the disease is also affecting 
individuals with genetic backgrounds from Asia and Latin America (18, 19).  

In Sweden, around 20 individuals with CF are born each year and currently around 
820 individuals with CF are treated at the four CF centres in Sweden - Lund, 
Gothenburg, Uppsala, and Stockholm (20). 

Variants in CFTR are classified into six different classes (Figure 2) according to the 
underlying CFTR defect (21, 22). The different classes affect disease severity and 
current treatment options (23). In the era of highly potent CFTR modulators, variant 
classes are an important tool for individualising CF treatment (24). 

The most common variant, FΔ508, affects 70% of all individuals with CF and is a 
class II defect. In Sweden, around 80% of all individuals with CF have at least one 
FΔ508 variant (20). 

 

Figure 2.  
CFTR variant classes. Reprinted from: Boyle MP, DeBoeck K. A new era in the treatment of cystic 
fibrosis: correction of the underlying CFTR defect. Lancet Respir Med. 2013;1(2):158-163. 
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Class I variants, caused by CFTR transcription and translation problems, result in 
either class IA absence of mRNA or class IB absence of CFTR protein due to a 
premature stop codon variant (21, 25). The “Nordic” mutation 394delTT, which 
affects about 13% of individuals with cystic fibrosis in Sweden and belongs to Class 
I, is comparable to 3659delC, which affects roughly 10% of Swedish individuals 
with CF (20). 

Class II variants like FΔ508 are the most prevalent and are caused by misfolding of 
the CFTR protein, thereby inhibiting trafficking of the protein to the cell membrane 
(25). Class III variants, mainly known as “gating mutations”, produce a CFTR 
protein with an insufficient channel opening function at the cell membrane. Class 
IV variants affect the conductance of the channel, leading to an impaired channel 
function. Class V variants have a functional protein at the cell membrane but in a 
reduced amount due to decreased CFTR synthesis. Class VI variants lead to a lower 
amount of functional protein at the cell surface due to instability of the protein (25).  

The disease has a more severe phenotype in classes I-III variants, with 
predominantly classical CF lung disease with early onset, pancreatic insufficiency, 
and development of CF-related complications (26). Classes IV-VI cause milder 
disease, individuals with these classes can be pancreatic sufficient and present with 
a later onset and a milder disease. Male individuals with class IV-VI variants are 
sometimes diagnosed during fertility assessments.  

The history and milestones in Cystic Fibrosis 
Already in medieval times, an Irish folklore described CF: “Woe to the child who 
tastes salty from a kiss on the brow, for he is cursed and soon will die”(27). In 1595, 
Pieter Pauw at Leiden University, the Netherlands, performed an autopsy on a 11-
year-old child believed to be haunted and described his findings, including an 
enlarged and shiny pancreas. In the following decades, pancreatic disease was 
reported recurrently in children, and Carl von Rokiansky described meconium ileus 
in a fetal autopsy in the 19th century (28). In the same century, Frédéric Chopin 
suffered from a chronic respiratory disease, malnutrition, and possibly infertility. 
He died at the age of 39. His sister Emilia also experienced recurrent respiratory 
infections and died at the age of 14. It has been suggested that Frédéric Chopin may 
have had cystic fibrosis and could have been the first well-known case of the 
disease, but this diagnosis has never been confirmed (29).  

In the 20th century, Dr. Dorothy Andersen provided the first comprehensive medical 
description of cystic fibrosis after performing multiple autopsies in children thought 
to suffer from celiac disease. In 1938, she published a paper defining the disease 
and detailing its characteristic clinical manifestations involving the pancreas, lungs 
and intestines (30).  
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Building on this foundational work, Andersen later contributed to clarifying the 
inheritance pattern of the disease. In 1946, she co-authored a publication identifying 
cystic fibrosis as a genetic disorder, marking the first time its hereditary nature was 
formally described in the scientific literature (31). 

During the New York heatwave of 1948, Dr. Paul di Sant’Agnese observed that 
children with “cystic fibrosis of the pancreas” became severely dehydrated due to 
excessive salt loss in their sweat. This pivotal clinical observation revealed that 
individuals with CF have abnormally high sweat electrolyte concentrations and laid 
the foundation for the development of the sweat test, which later became the gold 
standard for CF diagnosis (32). 

It took more than 50 years before the CFTR gene was discovered in 1989 (1). In the 
meantime, the sweat test was developed in 1959, and CF care was organized in 
specialised CF centres, improving survival among patients (33). In the United 
States, the Cystic Fibrosis Foundation was established in 1955, and treatments such 
as pancreatic enzyme replacement, airway clearance, and antibiotics were 
introduced. Improved understanding of bacterial transmission, better nutrition, and 
the advent of lung transplantation transformed CF between approximately 1970 and 
1990 from a fatal childhood disease into a condition increasingly compatible with 
adult survival. 

The 1989 discovery of the CFTR gene marked a turning point in the history of cystic 
fibrosis, shifting the field from mainly treating symptoms to developing molecularly 
targeted therapies that directly address disease mechanisms. This breakthrough 
fundamentally reshaped research strategies and clinical thinking and continues to 
drive unprecedented improvements in survival and quality of life. 

The 21st century has been marked by landmark breakthroughs in CF, driven by 
advances in genetic sequencing and molecular pathophysiology. These 
developments enabled a new generation of CFTR-targeted therapies, beginning with 
the approval of the first potentiator, ivacaftor, in 2012 in people with CF with a class 
III mutation, which shifted treatment from symptomatic care to correction of the 
underlying protein defect (34). In 2015, the combination therapy lumacaftor–
ivacaftor was approved for individuals with CF homozygous for the FΔ508 
mutation and became the first widely used CFTR modulator therapy in Sweden. Its 
primary benefits included improvements in FEV1pp and reductions in pulmonary 
exacerbations (35).  

Building on this foundation, the introduction of the triple-combination therapy ETI 
(elexacaftor/tezacaftor/ivacaftor) in 2020 in Sweden further transformed and 
improved outcomes; recent regulatory expansions in Europe now allow its use for 
people aged 2 years and older with at least one non-class I CFTR mutation (36-38). 
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At the same time, gene therapy and gene-editing approaches have emerged to 
address the needs of those who cannot benefit from modulators, particularly 
individuals with class I mutations, which produce little or no functional CFTR 
protein. Current research includes airway-directed gene delivery, prime editing, and 
a first-in-human trial of an inhaled lentiviral CFTR gene therapy designed to provide 
a mutation-agnostic treatment option (39). These innovations offer realistic 
potential for disease-modifying therapy across all CF genotypes. 

Crucially, this era of therapeutic progress has been paralleled by the implementation 
of newborn screening, which revolutionized early diagnosis and improves early CF 
lung disease outcomes, nutritional status,  and pancreatic disease  (40, 41). Pilot CF 
newborn screening programs began in the late 1970s and early 1980s through 
measurement of immunoreactive trypsinogen (IRT) in dried blood spots, and the 
1989 discovery of the CFTR gene enabled DNA analysis to be incorporated, 
improving accuracy (42). By the early 21st century, newborn screening programs 
had spread widely across the United States and Europe, with most regions adopting 
IRT-DNA–based algorithms that allow infants to receive nutritional and respiratory 
interventions before symptoms emerge (43). Unfortunately, in Sweden there is still 
no newborn screening program available.  

Taken together, early detection through newborn screening, the advent of CFTR 
modulator therapies, and the development of emerging gene-based treatments have 
transformed the landscape of cystic fibrosis. These advances have markedly 
improved quality of life, and many individuals with CF now may potentially 
experience a near-normal life expectancy. 

As survival steadily improves, the focus of research has evolved as well. The 
scientific journey is far from over; instead, it has entered a new phase that 
concentrates on managing CF-related complications, including CF-related diabetes 
and CF-related liver disease, both of which are central topics addressed in this thesis. 
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CF as a multiorgan disease 

 

Figure 3.  
CF affects multiple organ systems. Reprinted from: Ramananda, Y.; Naren, A.P.; Arora, K. Functional 
Consequences of CFTR Interactions in Cystic Fibrosis. Int. J. Mol. Sci. 2024, 25, 3384. 

CF is classically recognized as a multisystem genetic disorder (Figure 3), but its 
clinical course has historically been dominated by its pulmonary manifestations, 
which remain the primary cause of morbidity and mortality (26). Defective 
CFTR-mediated chloride and bicarbonate transport leads to the production of highly 
viscous airway mucus, impairing mucociliary clearance and creating an 
environment that promotes chronic bacterial colonization and persistent airway 
inflammation. Over time, these processes drive the development of bronchiectasis 
and a progressive decline in lung function, which for decades defined the fatal 
natural history of the disease in early life (44). 

Beyond the lungs, CF exerts profound effects on the pancreas, the gastrointestinal 
and hepatobiliary systems. Obstruction of the pancreatic ducts by thickened 
secretions leads to exocrine pancreatic insufficiency early in life, resulting in 
impaired digestion, malabsorption of fats and proteins, failure to thrive, and 
fat-soluble vitamin deficiencies (45). Progressive pancreatic injury can extend to the 
endocrine pancreas, contributing to the development of CFRD, now one of the most 
common extrapulmonary comorbidities in individuals with CF (46).  
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Similarly, intestinal involvement results from dehydrated luminal secretions and 
impaired electrolyte transport, leading to viscous intestinal contents, delayed small 
intestinal transit, and an altered gut microbiome. This contributes to constipation, 
distal intestinal obstruction syndrome, and, in around 10% of infants, meconium 
ileus (47). 

Crucially, the same pathophysiological mechanism - abnormal chloride and 
bicarbonate transport - also affects the hepatobiliary system, giving rise to CFLD. 
Thickened bile and impaired bile duct secretion lead to cholestasis, periportal 
inflammation, and focal biliary cirrhosis, which may progress to multilobular 
cirrhosis and portal hypertension (48).  

In addition to gastrointestinal and hepatic complications, CF affects the kidneys, 
often indirectly. Recurrent dehydration, chronic inflammation, cumulative exposure 
to nephrotoxic medications, and CFRD can contribute to renal tubular dysfunction, 
an increased risk of nephrolithiasis, and chronic kidney disease (49, 50).  

CF also has a well-recognized impact on bone health. A constellation of factors, 
including nutritional deficiencies, malabsorption, low-grade chronic inflammation, 
and glucocorticoid exposure, predisposes individuals to low bone mineral density, 
osteopenia, and osteoporosis (50, 51).  

A further important systemic manifestation concerns the reproductive system in 
males. Approximately 95% of men with CF present with congenital bilateral 
absence of the vas deferens, leading to obstructive azoospermia despite preserved 
spermatogenesis (52, 53). 

Collectively, these pulmonary, gastrointestinal, hepatic, renal, skeletal, and 
reproductive manifestations highlight the deeply systemic and complex nature of 
cystic fibrosis. As survival improves due to advances in early diagnosis and targeted 
therapies, the clinical focus increasingly shifts toward understanding, preventing, 
and managing these long-term multisystem complications. 

Treatment of CF in the era of CFTR modulators 
Treatment of CF has traditionally focused on symptomatic management across the 
various organ systems affected by the disease and treatment was planned and revised 
at CF centres according to the ECFS standards of care (54). A CF centre provides 
multidisciplinary care through a team consisting of physicians, CF nurses, 
physiotherapists, dietitians, and psychologists who support and guide individuals 
living with cystic fibrosis. Regular visits for monitoring and screening for CF-
related complications are part of CF management (55). 
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For decades, the primary therapeutic emphasis was on the respiratory system, as 
progressive lung damage has been the leading cause of morbidity and mortality in 
CF. Airway-directed therapies aim to mobilize mucus, rehydrate airways, enhance 
airway clearance, and control chronic inflammation. Daily physiotherapy, combined 
with inhaled therapies such as hypertonic saline and dornase alfa or mannitol forms 
the cornerstone of routine care (56-58). These interventions reduce mucus viscosity 
and support mucociliary clearance, thereby helping to preserve lung function and 
reduce pulmonary exacerbations. 

A second major pillar of CF management is nutritional support. Due to high 
incidence of pancreatic exocrine insufficiency in individuals with CF, most 
individuals require a high-caloric, high-fat diet to counteract malabsorption and 
increased energy expenditure. Pancreatic enzyme replacement therapy is essential 
at every meal to ensure proper digestion of fats, proteins, and carbohydrates (59). 
Supplementation with fat-soluble vitamins (A, D, E, and K) is routinely needed, 
along with careful monitoring and treatment of constipation and prevention of distal 
intestinal obstruction syndrome (60, 61).  

A third essential component of CF care is antibiotic therapy, which plays a central 
role in maintaining respiratory health (62). Most individuals with CF develop 
chronic airway colonization, commonly with Staphylococcus aureus in the first 
decades, shifted later to Pseudomonas aeruginosa, requiring recurrent treatment 
with combinations of inhaled, oral, and intravenous antibiotics (56, 63). Inhaled 
antibiotics, such as tobramycin and colistin, are used long-term to suppress 
Pseudomonas aeruginosa bacterial load in the airways, while oral antibiotics such 
as ciprofloxacin or intravenous combination therapy are used for eradication (64, 
65). Azithromycin is used for its immunomodulatory properties and anti-
inflammatory effects (66). Oral antibiotics are often prescribed for milder infections 
or anti‐staphylococcal prophylaxis, such as flucloxacillin in infants up to school age 
at the CF Centre in Lund (67). Antibiotic strategies in infections with non-
tuberculous mycobacteria, Burkholderia cephacia complex, Achromobacter 
xylosidans or fungi like Aspergillus fumigatus are more individualized and based on 
microbial colonization patterns and clinical response (50, 63, 68).  

In the era of CFTR modulator therapy, the traditional three-pillar approach 
continues to form the backbone of cystic fibrosis management (69). Ongoing studies 
are currently evaluating how symptomatic treatments should be adapted within this 
new therapeutic landscape (70).  

Today, the triple CFTR modulator therapy ETI (elexacaftor/tezacaftor/ivacaftor), 
from the age of two years, is the modulator therapy mainly used in Sweden. 
Individuals with at least one non-class I variant are eligible for this treatment from 
the age of 2 years in Europe since 2025. According to the Swedish CF registry, 539 
patients in Sweden were receiving ETI in autumn 2025 (71).  
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ETI is an oral drug consisting of three different substances, 
elexacaftor/tezacaftor/ivacaftor (Figure 4), that bind to the CFTR protein, acting 
both as a corrector and a potentiator (72). The corrector (tezacaftor) improves the 
folding of the CFTR protein intracellularly and enhances trafficking to the cell 
surface (73). The potentiator (ivacaftor) acts at the CFTR channel level at the cell 
surface and can facilitate channel opening (74). Elexacaftor acts as both a corrector 
and a potentiator (75).  

 

Figure 4.  
Elexacaftor and Tezacaftor act as correctors and Ivacaftor as a channel potentiator, AI generated  

The safety and positive effects of ETI on the clinical course of cystic fibrosis are 
well studied in randomized trials (38, 76). ETI therapy has been associated with 
reduced morbidity, reduced mortality, and a significant improvement in quality of 
life for most eligible patients. Real-world data reveal a marked reduction in 
pulmonary exacerbations, a slowing of lung-function decline, and improved 
nutritional status, reflecting better overall disease stability (77-79). Graeber et al 
showed that ETI can restore CFTR function in the airways and in the intestine to 
approximately 50% in patients with at least one FΔ508 variant (80).   

Despite these substantial advancements, the long-term impacts of ETI remain an 
area of active investigation (81). In particular, the influence of ETI on CF-related 
comorbidities such as CF-related diabetes and CF liver disease is not yet fully 
understood (82, 83). As patients live longer and with milder pulmonary disease, 
understanding how CFTR modulation reshapes the broader multisystem 
manifestations of CF will be essential (84). Another important aspect is the use of 
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ETI during pregnancy and in utero, an area where evidence is still emerging and 
requires further investigation in well-designed, multicentre studies. Only small 
retrospective observations have shown no adverse effects of ETI treatment during 
pregnancy in mothers and infants (85). Further longitudinal studies are needed to 
clarify these outcomes and determine whether early and sustained ETI therapy can 
prevent, delay, or modify the natural history of CF and CF-related complications. 

The vicious cycle in CF lung disease 
Cystic fibrosis lung disease is often described as a self-perpetuating vicious cycle, 
where one pathological process amplifies the next one. This cycle begins with the 
underlying defect in the CFTR, which affects the CFTR channel, and progresses 
through a cascade of airway abnormalities, such as airway surface liquid depletion, 
impaired ciliary function, and mucus-plugging, to immunological changes with 
activation of the innate immune response and infection with bacteria or fungi, which 
reinforce each other over time (86, 87). This vicious cycle leads to damage in the 
lung parenchyma with development of bronchiectasis and emphysema, causing lung 
function decline.  

Airway surface liquid depletion  
The defect in the CFTR channel, leading to impaired chloride and bicarbonate 
secretion and enhanced sodium absorption through βENaC channels, is probably the 
primary cause to the airway surface liquid depletion in CF (9, 88, 89). This disturbed 
ion balance leads to changes in the volume and hydration of the airway surface 
liquid (ASL) that lines the epithelial cells in the airways (90). Although CFTR is 
central to ASL regulation, emerging evidence underscores that ASL homeostasis 
represents the output of a multichannel, multicellular regulatory network rather than 
a single defective component. Recent research has revealed that other ion channels, 
including TMEM16A, and transporters such as members of the SLC26 family, in 
addition to sodium channels like βENaC, contribute significantly to chloride, 
bicarbonate, and sodium flux across the airway epithelium (91, 92). These pathways 
may become particularly relevant when CFTR function is pharmacologically 
modulated, and in the search for new treatment targets, suggesting that CFTR 
operates within a broader ion transport system. 

The ASL forms a thin, protective fluid layer composed of two distinct components: 
the periciliary layer (PCL), which maintains ciliary mobility, and the mucous layer 
(MCL), which traps inhaled particles and pathogens. Together, these layers create 
the foundation for effective mucociliary clearance. The ASL, composed of a 
balanced mixture of mucus and fluid, is essential for the first line of antimicrobial 
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defence. By trapping microorganisms and enabling their removal through 
coordinated ciliary movement, it prevents early pathogen adherence and 
colonization. The depth and composition of ASL are regulated by osmotic pressure 
so that the PCL remains sufficiently hydrated to allow ciliary beating, while the 
mucus layer retains the viscoelastic properties required for transport (93). 

In CF, defective regulation of the ASL disrupts this osmotic balance, resulting in 
ASL depletion. This shift in hydration state compresses the PCL and slows mucus 
transport through impaired ciliary activity. 

As mucus clearance declines, mucus plugging and localized hypoxia develop, 
creating a microenvironment that is highly conducive to persistent colonization and 
growth of pathogenic microorganisms (94-96). 

Alongside volume regulation, the pH of the ASL plays a fundamental role in host 
defence. CFTR-mediated bicarbonate secretion maintains a near-neutral pH that is 
essential for the optimal activity of airway antimicrobial peptides (97). In CF, 
impaired bicarbonate transport leads to ASL acidification, markedly reducing 
bacterial killing efficiency (98). This contributes to the formation of excessively 
viscous mucus and undermines local innate immune defences (99, 100).  Studies in 
CF pigs demonstrated that increasing ASL pH can restore antimicrobial function, 
highlighting pH dysregulation as an early and primary defect in CF airway defence 
(101). Moreover, bicarbonate is required for mucin unfolding and proper gel 
formation; insufficient bicarbonate results in denser, more adhesive mucus that is 
poorly cleared (9, 102). 

The initiating steps of CF airway disease 
A long-standing debate in CF research has been the initiating steps in CF airway 
disease.  What triggers early airway inflammation: direct infection, or a cascade of 
impaired ciliary clearance, mucus plugging, and hypoxia? The correct answer is 
probably found in animal models – including CF ferret models and murine models 
of CF-like lung disease. These models show an inflammatory response in sterile 
conditions, triggered by neutrophilic inflammation (103, 104). Chest imaging in 
infants and preschool children diagnosed by CF newborn screening confirms, in 
observational studies, that airway abnormalities such as mucus plugging, bronchial 
wall thickening, and bronchial dilatation are visible already early in life (105, 106). 
These findings support impaired ciliary clearance as the initiating step, leading to 
ongoing inflammation and later infection, as shown in Figure 5.  

Mucus plugging and hypoxia in the airways can activate a sterile neutrophilic 
inflammation driven by IL-1-mediated pathways through hypoxic epithelial cell 
necrosis (107). In fact,  IL-1β and IL-1α have been detected in BAL of children with 
CF in the absence of pathogens, and IL-1α was associated with structural lung 
damage (108). 
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Rosenfeld et al. demonstrated that infants with CF have elevated neutrophilic 
inflammation and IL-8 in BAL regardless of the presence of detectable pathogens. 
With increasing age, the prevalence and density of airway pathogens increase 
together with neutrophils and IL-8 (109). The link between epithelial necrosis, 
followed by increased neutrophilic inflammation and elevated IL-1α levels, was 
also shown in the airways of βENaC-overexpressing mice (104).  

Neutrophilic inflammation as a key player in CF lung disease can also be driven by 
a cascade of signals mediated by IL-1α and IL-1RI leading to NF-κB activation 
(110, 111). NF-κB is a potent transcription factor that can induce further 
inflammatory processes, including the release of IL-8, which causes neutrophil 
influx (112). IL-10, which normally suppresses NF-κB, is downregulated in CF - 
another factor that may perpetuate inflammation.  

Figure 5.  
CFTR dysfunction as the initiating step in CF lung disease. Reproduced by AI from: Petrocheilou A, 
Moudaki A, Kaditis AG. Inflammation and Infection in Cystic Fibrosis: Update for the Clinician. Children 
(Basel). 2022 Dec 2;9(12):1898. 
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Ongoing chronic inflammation and infection 
Inflammation in CF airways is a multifactorial and highly dysregulated process, 
driven by the interplay of persistent bacterial infection, altered innate immunity, and 
intrinsic epithelial defects. Both extracellular and intracellular mechanisms are 
involved in the hyperinflammation seen in CF airways, which is measurable as 
increased neutrophils and pro-inflammatory cytokines in BAL already early in life. 
Besides the increased inflammatory activity, the inability to terminate and resolve 
inflammatory processes also plays an important role (113).   

Neutrophils 
Cystic fibrosis lung disease is marked by a predominantly neutrophil-driven 
inflammatory response that becomes excessive and self-perpetuating over time. 
Neutrophils are central components of the innate immune system and are recruited 
into the airways through interactions with pathogens and inflammatory cytokines. 
Under normal conditions, activated neutrophils phagocytose and kill microbes, 
undergo apoptosis, and are subsequently cleared by macrophages. In CF, however, 
this tightly regulated process is disrupted. Neutrophils exhibit impaired phagocytic 
capacity, likely related to CFTR dysfunction within the cells, and instead 
accumulate in large numbers within the airway lumen (114). 

Neutrophils also contribute to host defence by releasing neutrophil extracellular 
traps (NETs), composed of decondensed DNA and antimicrobial proteins, which 
entrap pathogens. However, in CF, the overproduction of NETs significantly 
increases mucus viscosity and airway obstruction (115).  

In addition, neutrophils contain several granule subsets loaded with 
pro-inflammatory mediators, including neutrophil elastase (NE) and other serine 
proteases. The release of these proteases plays a critical role in disturbing the 
protease–antiprotease balance. NE becomes pathologically abundant in CF due to 
both excessive neutrophil influx and inadequate antiprotease activity, such as α1-
antitrypsin. Elevated NE activity accelerates disease progression by degrading 
structural components of the airways and inducing further mucus hypersecretion 
(116). Notably, increased NE activity in bronchoalveolar lavage fluid has been 
associated with early bronchiectasis in infants with CF (117). NE itself can further 
attract neutrophils through IL-8 upregulation in epithelial cells (118). 

In parallel, neutrophils generate reactive oxygen species (ROS) as part of the 
respiratory burst. In CF airways, excessive ROS production represents an additional 
source of inflammation and tissue damage. This oxidative burden contributes to 
epithelial injury, further mucus production, and impaired mucociliary clearance, 
thereby exacerbating airway obstruction and increasing susceptibility to persistent 
infection (119). 
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Macrophages 
Macrophages are abundant in the lumen of CF airways, where they contribute 
substantially to the chronic inflammatory environment. Multiple studies have shown 
that CF macrophages exhibit defective lysosomal or phagolysosomal acidification, 
impairing their ability to degrade and kill internalized bacteria (120). Additionally, 
more recent work confirms these defects in CF macrophages, which can be partly 
rescued by CFTR modulators (121).  

Alongside these defects, CF macrophages also display exaggerated innate immune 
activation with increased production of inflammatory cytokines like IL-1β, IL-6, 
and TNF-α indicating that CF macrophages adopt an intrinsically pro-inflammatory 
phenotype (122). Bruscia et al. demonstrated further that CF macrophages exhibit 
dysregulated TLR-mediated responses, contributing to airway inflammation via NF-
κB activation and increased cytokine secretion (123).  

Lymphocytes 
T and B lymphocytes are increasingly recognized as important contributors to the 
dysregulated immune landscape in CF. Although CF has long been characterized 
primarily as a neutrophil-driven disease, more recent evidence demonstrates that 
adaptive immunity is also significantly disrupted (124). Lymphocytes express 
functional CFTR, and defects in CFTR may disturb intracellular ion homeostasis, 
leading to altered crosstalk between airway structural cells and lymphocytes, 
impaired immunoregulation, and weakened host defence mechanisms. 

In CF, a characteristic shift from Th1- to Th2-dominated responses has been 
described, potentially contributing to ineffective pathogen clearance and heightened 
inflammatory signalling. In addition, Th17 cells, which are key drivers of 
neutrophilic inflammation, appear to be enriched and hyperactive in the CF airway 
environment, further amplifying chronic inflammation (125). B-cell function is 
likewise altered, with evidence of dysregulated activation and antibody responses 
that may contribute to persistent infection and immune imbalance (126). 

Platelets 
Platelets have increasingly been recognized as important contributors to the 
exaggerated inflammatory response characteristic of CF.  Beyond their classical role 
in haemostasis, platelets in CF appear to promote lung injury and impair host 
defence mechanisms. Observations in CF patients have shown  that platelet counts 
are elevated during acute pulmonary exacerbations, suggesting that platelet 
activation accompanies episodes of heightened airway inflammation and 
exacerbations (127). 

In addition, levels of soluble CD40 ligand (sCD40L), a pro-inflammatory mediator 
predominantly released by activated platelets, have been found to be increased in 
CF. Notably, circulating sCD40L concentrations correlate inversely with FEV1% 
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predicted, indicating that platelet-derived inflammatory signals may be associated 
with declining lung function (128). 

Platelets express functional CFTR channels in their plasma membrane, and CFTR 
dysfunction in CF patients leads to altered intracellular ion homeostasis. 
Specifically, defective CFTR has been associated with increased calcium influx 
leading to platelet hyperreactivity (129). Platelet hyperreactivity could lead to 
increased platelet-neutrophil interactions with subsequent NET formation, thereby 
aggravating the inflammatory response (130). 

Moreover, CF platelets produce reduced levels of the anti-inflammatory lipid 
mediator lipoxin A4 compared with healthy controls (16). Given that lipoxin A4 
helps to resolve inflammation, its deficiency may further exacerbate chronic airway 
inflammation in CF. Altogether, the combined effects of platelet hyperreactivity, 
elevated platelet-neutrophil complexes, and diminished anti-inflammatory 
signalling underscore the role of platelets as active participants in CF-related 
inflammation rather than passive bystanders. 

Cytokines and inflammatory mediators 
Cytokines and inflammatory mediators (Table 1) in CF lung disease are released in 
response to the stimuli described above and are widely used as markers of disease 
progression and inflammation in CF (131, 132).  

Table 1. Cytokines and inflammatory mediators investigated in this thesis 

 Primary 
source 

Function Reference 

IL-1β Macrophages Neutrophil recruitment, NET 
formation, release of IL-6 
and IL-8 

(133) 

TNF-α Macrophages Potent pro-inflammatory 
mediator acting in multiple 
ways (including oxidative 
stress, cell proliferation, and 
leucocyte recruitment)  

(134) 

IL-6 Macrophages, 
endothelial 
cells 

Mediates acute-phase 
protein synthesis, stimulates 
B and T cells 

(135) 

IL-17 TH17 cells Activates neutrophils and 
macrophages 

(136) 

IL-8 Macrophages, 
epithelial cells 

Attracts and activates 
neutrophils 

(137) 

NE Neutrophils Degrades elastin and 
extracellular matrix, induces 
mucus production, and acts 
as a pro-inflammatory 
mediator 

(138-140) 
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Airway microbiome  
In recent years, the study of the airway microbiome in CF has expanded 
considerably, largely due to advances in high-throughput sequencing techniques and 
improved analytical tools. These developments have enabled more comprehensive 
and precise investigations into microbial diversity and its role in disease 
progression. 

The human airway hosts a diverse and dynamic microbial community, in contrast 
to the earlier belief that the lungs were sterile, which is essential for maintaining 
respiratory health. 

In healthy individuals, this airway microbiota consists of bacteria, viruses, and fungi 
in a dynamic and diverse composition. The function of the airway microbiome is to 
support immune tolerance, mucosal immunity, and preventing the overgrowth of 
pathogenic organisms (141, 142). Different studies reveal complex pathways in the 
interaction between the host immune system and the airway microbiome. Segal et 
al. demonstrated that in healthy adults an enriched lower airway microbiome with 
Prevotella and Veillonella was associated with an increased TH17 cell-mediated 
lung inflammation and a diminished Toll-like receptor 4 (TLR4) response by 
alveolar macrophages (143). 

The airway microbiome is commonly divided into the upper and lower airway 
microbiomes, which differ in microbial density and genus composition (Figure 6). 
The upper airway microbiome is found in the upper respiratory tract including the 
nasal cavity, nasopharynx, and oral cavity. It is the most densely colonized part of 
the airway system and acts as the primary source of microbes found in the lower 
airways, serving as a gatekeeper for the lower airways. 

Dominant genera in healthy upper respiratory tract communities include 
Corynebacterium, Dolosigranulum, Staphylococcus, Streptococcus, Prevotella and 
Veillonella. The upper airway microbiota is strongly shaped by age with a lower 
diversity but higher density in childhood and vice versa in adulthood. 
Environmental exposures, lifestyle factors, and antibiotic use also influence the 
microbiome composition (144) . 
The lower airways were once believed to be sterile, but current evidence shows that 
healthy lungs contain a low-biomass but structured microbial community. This 
community largely originates from the upper respiratory tract via microaspiration 
and inhalation, and its composition is determined by a balance between microbial 
immigration and clearance mechanisms such as mucociliary transport and coughing. 
Common taxa detected in healthy lungs include Streptococcus, Veillonella, 
Prevotella, and Neisseria, typically present in low abundance and maintained in a 
transient, dynamic equilibrium. 
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There are also reports that a gut-lung axis can have an impact on the airway 
microbiome (145). 

The airway microbiome plays a key role in maintaining respiratory health, and 
dysbiosis - defined as an imbalance in microbial composition or function - has been 
strongly linked to several respiratory diseases and, more recently, to the 
development of lung malignancies (146). 

Figure 6. 
Airway microbiome. Reprinted from: Glieca, S., Quarta, E., Bottari, B., Lal, V. C., Sonvico, F., & Buttini, 
F. The role of airways microbiota on local and systemic diseases: a rationale for probiotics delivery to
the respiratory tract. Expert Opinion on Drug Delivery. 2024; 21(7), 991–1005.

In CF, the airways undergo lifelong cycles of infection, colonization, and 
inflammation driven by a changing spectrum of microbial pathogens. In early 
childhood, the airway microbiome in CF is typically more diverse and is often 
dominated by organisms such as Haemophilus influenzae and Staphylococcus 
aureus. As patients age and the disease progresses, this microbial landscape 
gradually shifts toward a less diverse community structure (Figure 7). 

This dysbiosis is characterized by a marked reduction in microbial diversity and 
increasing dominance of opportunistic pathogens, most notably, Pseudomonas 
aeruginosa and, in many cases, persistent Staphylococcus aureus. The transition 
from a diverse early-life microbiome to a pathogen-dominated ecosystem is closely 
associated with chronic infection, heightened and sustained airway inflammation, 
structural lung damage, and an accelerated decline in lung function (147). 

This impact has been demonstrated in different studies. Across a multi-centre study, 
Cuthbertson et al. demonstrated that a decreasing microbiota diversity correlates 
strongly with worsening lung function and the emergence of pathogen-dominated 
community structures (148).  

Paganin et al. compared the airway microbiome in individuals with stable lung 
function (annual FEV1pp rate ≤ 1.5) to those with increased annual lung function 
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decline (annual FEV1pp rate ≥5). A correlation between lower diversity and 
increased dominance by pathogens was observed with reduced FEV₁, whereas 
patients with stable lung function tend to maintain mixed communities (149). 
Hampton et al. found another interesting aspect that different microbial dominated 
communities differ in lung disease severity. In this study, individuals with CF and 
Pseudomonas-dominated communities tended to be older and have reduced 
FEV1pp compared to subjects with Streptococcus-dominated communities (150).  

Longitudinal surveillance of the airway microbiome, together with deeper microbial 
and functional analyses, may provide valuable biomarkers of lung disease 
progression in CF and help identify novel therapeutic targets.  

 

Figure 7.  
Prevalence of respiratory microorganisms by age. Reprinted from Cystic Fibrosis Foundation Patient 
Registry, 2024 Annual Data Report; Bethesda, Maryland. © 2025 Cystic Fibrosis Foundation. Reprinted 
with permission and courtesy of the Cystic Fibrosis Foundation. Data represent individuals with cystic 
fibrosis receiving care at Cystic Fibrosis Foundation–accredited care centers in the United States who 
consented to inclusion of their information in the Registry. 
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CF-related diabetes 
CFRD is the most common extrapulmonary complication in CF, affecting around 
30% of individuals with CF (151). The incidence of CFRD increase with age, 
affecting around 1-2% of children, approximately 10-20% of individuals with CF 
between the ages of 10 and 20 years, and up to 40% in adulthood (152). CFRD is 
associated with higher morbidity and mortality (153). A clear negative impact of 
CFRD on lung function and nutritional status is well described (154-156). Airway 
colonisation with Pseudomonas aeruginosa or Burkholderia cepacia complex is 
also increased in CFRD (157). Risk factors for the development of CFRD are 
pancreatic insufficiency, class I-II mutations, female sex, CF-related liver disease, 
organ transplantation, gastric tube feeding, vitamin D insufficiency, and a family 
history of type 2 diabetes (158-160).  

CFRD – clinical signs 
CFRD represents a distinct clinical entity that shares certain features with both type 
1 and type 2 diabetes, yet differs fundamentally in its underlying pathophysiology 
(161). CFRD typically develops gradually, with incidence increasing with age. In 
contrast to type 1 diabetes, ketoacidosis and classical symptoms such as polyuria 
and polydipsia are uncommon. Years before a formal diagnosis, individuals with 
CF may exhibit intermittent hyperglycaemia, particularly during pulmonary 
exacerbations. Glucose tolerance often progresses along a continuum - ranging from 
normal glucose tolerance to indeterminate glucose tolerance (INDET), impaired 
glucose tolerance (IGT), CFRD without fasting hyperglycaemia (FH), and 
eventually CFRD with FH.  

According to the U.S. Cystic Fibrosis Foundation registry data for 2024 (Figure 8), 
around 20% of individuals with CF aged 10 years or older have impaired glucose 
tolerance when screened by an oral glucose tolerance test (OGTT) (162). 
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Figure 8.  
The prevalence of CFRD and impaired glucose tolerance. Reprinted from Cystic Fibrosis Foundation 
Patient Registry, 2024 Annual Data Report; Bethesda, Maryland. © 2025 Cystic Fibrosis Foundation. 
Reprinted with permission and courtesy of the Cystic Fibrosis Foundation. Data represent individuals 
with cystic fibrosis receiving care at Cystic Fibrosis Foundation–accredited care centers in the United 
States who consented to inclusion of their information in the Registry. 

During the early stages of glucose dysregulation, the condition is generally 
clinically silent. Subtle signs such as unintentional weight loss, decline in lung 
function, failure to thrive, and pulmonary exacerbations may signal the evolving 
development of CFRD. The disease is characterized by a combination of insulin 
deficiency and insulin resistance, but unlike type 1 diabetes, autoimmunity is absent. 
Patients with CFRD often have normal body weight, and features of metabolic 
syndrome, which are commonly observed in type 2 diabetes, are typically not 
present. Fasting hyperglycaemia is not consistently seen; instead, CFRD is 
frequently dominated by postprandial hyperglycaemia (163). 

Microvascular complications, including neuropathy, retinopathy, and nephropathy, 
have been reported in CFRD (164). However, unlike type 1 and type 2 diabetes, 
macrovascular complications have rarely been reported. Importantly, the primary 
determinant of mortality in CFRD is the progressive decline in lung function, rather 
than cardiovascular disease as seen in type 1 and type 2 diabetes, reflecting the 
dominant impact of CFRD on pulmonary disease. Milla et al. demonstrated that the 
degree of impaired glucose tolerance correlates with the annual decline in lung 
function (165).  
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CFRD and lung disease 

 

Figure 9.  
The multifactorial drivers of CFRD and progressive lung disease. Reprinted from: Prentice BJ, Jaffe A, 
Hameed S, Verge CF, Waters S, Widger J. Cystic fibrosis-related diabetes and lung disease: an 
update. European Respiratory Review. 2021;30(159):200293. 

A strong association between CFRD and lung function was already described 30 
years ago (154, 155). In a Swedish cohort study of 377 paediatric CF patients, lung 
function decline was accelerated in those with CFRD (166). Some studies suggest 
that the observed decline in pulmonary function starts before the diagnosis of 
CFRD, but data are inconsistent and form a “the chicken-or-the-egg problem” for 
researchers studying lung disease in CFRD (167).  

The fact that there is an association has been demonstrated in several studies, and 
there are signs that already impaired glycaemic control has a negative impact on 
lung function and that the decline rate is dependent on the severity of abnormal 
glucose tolerance.  

Milla et al demonstrated in a prospective cohort study that both FEV1pp and FVC 
declined over 4-year period, with the greatest decline rate observed in CFRD 
without FH and a greater decline rate in the IGT versus the NGT group at baseline. 
The same study demonstrated that patients with the lowest levels of insulin during 
OGTT had the greatest rate of lung function decline (165). Colombo et al. 
demonstrated ventilation inhomogeneity on the multiple breath washout test in  
paediatric CF patients with a  disturbed first-phase insulin response (168). Similarly, 
Leclerq et al. identified pre-diabetic glucose abnormalities by continuous glucose 
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monitoring (CGM) in CF patients with a normal OGTT. Participants in this study 
with elevated glucose levels on CGM had significantly lower lung function than 
those without glucose abnormalities and had higher rates of Pseudomonas 
aeruginosa colonisation (169). We previously demonstrated, in a study with 32 
paediatric CF patients, changes in lung clearance index (LCI) and FEV1pp in 
patients with AGT (170). 

Abnormal glucose tolerance in CF is associated not only with declining lung 
function but also with structural lung changes detectable on CT scans. Notably, in 
CFRD, the annual rate of progression of structural lung damage was increased, even 
in the absence of measurable changes in lung function (171).  

The pathophysiology underlying the accelerated lung function decline and structural 
changes in CFRD remains poorly understood, but is likely multifactorial (Figure 9), 
and many questions remain unanswered (172, 173). Impaired glucose homeostasis 
with hyperglycaemic peaks in the airways may affect airway epithelial cells, 
promote the growth of S. aureus and P. aeruginosa, and increase oxidative stress 
(174-176). Colonisation with P. aeruginosa is more common in individuals with 
CFRD, and Hunt et al. demonstrated impaired bacterial clearance of P. aeruginosa 
in CF-diabetic mice compared to CF-non-diabetic mice and controls (174). 
Garnett et al. reported that elevations in glucose levels promoted the growth of P. 
aeruginosa on primary CF and non-CF human bronchial epithelial cell monolayers 
(177).  

Inflammatory processes driven by oxidative stress, infection, or hyperglycaemia 
may play an important role in the development of CFRD-related lung disease. 
Hyperglycaemia can induce NET formation, increase IL-6 and IL-8 levels, and act 
as a pro-inflammatory stimulus (178, 179). In addition, the higher infection burden 
in CFRD may contribute to disturbances in the airway microbiome. 

Since lung development and function are closely linked to nutrition, poor nutritional 
status secondary to insulin deficiency may increase the risk of pulmonary 
exacerbations and accelerate lung function decline (180).  

Structural parenchymal changes and alveolar microangiopathy, well described in 
diabetes-related lung disease, may also occur in individuals with CFRD (181).  

Furthermore, the established association between genetic modifiers for type 2 
diabetes and CFRD suggests that genetic factors may also influence lung disease in 
this population (182). 
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Screening for CFRD 
Regular screening for CFRD is recommended according to European and U.S. CF 
guidelines and is essential to minimise the negative impact of CFRD (183, 184). 
The diagnosis of CFRD may be delayed by as much as eight years when based solely 
on the detection of hyperglycaemia rather than on routine screening (185).  

Usually, screening starts at the age of 10 with an annual OGTT according to WHO 
guidelines as gold standard.  

Additional screening is recommended during pregnancy or following organ 
transplantation. 

OGTT should be performed in a clinically stable period by oral administration of 
1.75g/kg dextrose (maximum 75g) after a fasting period of 8-12 hours. Blood 
glucose levels are then measured at 0, 30, 60, 90, and 120 minutes after 
administration. Unlike in type 2 diabetes, mid-OGTT glucose values play a 
particularly important role in CFRD. Several studies indicate that mid-OGTT 
elevations are more strongly associated with declines in lung function in children 
with CF and are highly predictive of future abnormalities in glucose tolerance within 
the CF population (186, 187). Continuous glucose monitoring (CGM) is 
increasingly being used in CF care as a screening method for abnormalities in 
glucose regulation (170, 188). However, clear consensus statements and 
standardized guidelines regarding CGM thresholds and its role in screening for 
CFRD are still lacking.  

Traditionally, HbA1c has been considered insensitive for detecting CFRD when 
using thresholds established for type 1 and type 2 diabetes. This reduced sensitivity 
is largely due to increased red blood cell turnover in CF (189). However, more 
recent research suggests that revised HbA1c thresholds for CF care, or combined 
approaches, may enhance its diagnostic performance in CF (190).  

The diagnostic criteria for CFRD in a stable patient with CF are listed below in 
Table 2. 

Table 2. Diagnostic criteria for CFRD in clinically stable patients 
  Notes 
2 hour OGTT value ≥11.1 mmol/L  
Fasting plasma glucose ≥7.0 mmol/L  
HbA1C ≥48 mmol/mol  
Random plasma glucose ≥11.1 mmol/L Combined with classic symptoms of diabetes 

(polyuria, polydipsia, or unexplained weight 
loss) 

Unless the patient presents with classic symptoms of diabetes accompanied by a random glucose level 
≥11.1 mmol/L, or meets at least two additional diagnostic criteria (2 hour OGTT/ fasting plasma 
glucose/HbA1C) for CFRD the results should be confirmed with repeated testing. 
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Pathophysiology of CFRD 

 

Figure 10.  
Reprinted from: Moheet A, Moran A. New Concepts in the Pathogenesis of Cystic Fibrosis–Related 
Diabetes. The Journal of Clinical Endocrinology & Metabolism. 2022;107(6):1503-9. 

The pathophysiology of CFRD is multifactorial (Figure 10) and remains 
incompletely understood, with several mechanistic aspects still under investigation. 
The earliest changes arise from the impact of CFTR dysfunction on the exocrine 
pancreas, leading to viscous secretions, intraductal obstruction, inflammation with 
cytokine activation, and progressive fibrosis, altogether processes that drive the 
gradual loss of islet cell mass and function (191). In CFRD, there is not only a 
reduction in β-cell mass, but also β-cells dysfunction, which may lead to the 
observed insulin deficiency in CF (192).  

There have been conflicting reports regarding whether CFTR is expressed in β-cells; 
however, studies in animal models and in humans have confirmed CFTR expression 
in β-cells (46). Edlund et al. reported that, under glucose-stimulated conditions, 
F508del mice exhibited reduced β-cell exocytosis, increased proinsulin release, and 
an exaggerated secretion of glucagon (193). These findings may indicate a direct 
impact of CFTR dysfunction in β-cells. Oxidative stress and induction of NF-κB in 
β-cells are other potential mechanisms involved in β-cell dysfunction (194). CFTR 
was even found in α-cells, leading to altered glucagon secretion (13). 

Since the earliest insulin defect in CF is the loss of the first-phase insulin response, 
which leads to postprandial hyperglycaemia, this pattern points toward a disturbance 
in the incretin axis, as hormones such as GIP and GLP-1 normally enhance insulin 
release and suppress glucagon after meals. Studies have shown that people with 
CFRD have reduced GLP-1 levels compared with healthy controls (195). 
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Genes that increase diabetes risk in the general population may also contribute to 
susceptibility to CFRD. For example, having a family history of type 2 diabetes 
raises the risk of developing CFRD threefold. The type 2 diabetes-associated locus 
TCF7L2 has likewise been linked to a higher likelihood of CFRD and an earlier age 
at diagnosis (196). 

Insulin resistance, arising from factors such as inflammation, corticosteroid 
treatment, malnutrition, older age, or overweight, may also play an important 
contributing role (46).  

Treatment of CFRD 
The current treatment guidelines for CFRD consist of non-pharmacological 
treatments like regular physical activity and individualised dietary 
recommendations, together with pharmacological therapy (197). Insulin treatment 
is the first choice, and rapid-acting insulin administrated pre-meal is the standard of 
care in CFRD without fasting hyperglycaemia (183). In CFRD with fasting 
hyperglycaemia, long-acting insulin is added to the treatment regime. Insulin pump 
therapy in CFRD has so far only been evaluated in small studies, but it may represent 
a promising alternative treatment option in the future (197). Oral diabetes agents 
have not been implemented in the international guidelines for CFRD. However, 
randomized controlled trials comparing insulin versus repaglinide have shown no 
clear advantage of repaglinide (198, 199). 

CFRD in times of ETI 
The introduction of highly effective CFTR modulators has markedly advanced the 
treatment of cystic fibrosis, with ETI demonstrating profound improvements in 
pulmonary outcomes, nutritional status, and overall health. Despite these substantial 
clinical benefits, the effects of CFTR modulators on glucose metabolism and CFRD 
remain complex and not yet fully characterized (200). Current evidence indicates 
considerable variability across studies, reflecting heterogeneity in patient 
populations, disease severity, and treatment regimes. 

Emerging findings suggest that CFTR modulators may provide modest 
improvements in metabolic parameters (82). These improvements are thought to 
result from enhanced β-cell function, reduced systemic inflammation, and 
stabilization of the overall metabolic environment, as well as improved glucagon 
secretion.  

Kelly et al. showed an increase in insulin secretion after four months of treatment 
with ivacaftor (201). Nielsen et al. reported a decline in HbA1c after one year of 
ETI (202). Nevertheless, available studies consistently indicate that modulator 
therapy does not reverse established CFRD, but may reduce insulin requirements 



47 

and reduce lung function decline but does not clearly seem to improve β-cell 
function (203-206).  

In individuals with long-standing diabetes, irreversible pancreatic islet damage 
limits the potential for full restoration of insulin secretion, and consequently, 
improvements in glycaemic control tend to be modest and inconsistent. 

In parallel, the nutritional effects of CFTR modulators introduce additional 
metabolic considerations. Enhanced appetite, better nutrient absorption, and 
increased weight and fat mass are commonly observed following treatment 
initiation (36, 207). Although these changes are generally beneficial for long-term 
health, they may increase insulin resistance, potentially exacerbating glucose 
intolerance in susceptible individuals.  

Given the current uncertainties, existing recommendations for CFRD screening and 
treatment remain unchanged. Ongoing research and systematic monitoring will be 
essential to clarify the effects of ETI on CFRD, and to guide individualized 
metabolic management in the era of CFTR modulator therapy. 

Cystic fibrosis hepatobiliary involvement 
Cystic fibrosis–related hepatobiliary involvement (CFHI) is another frequent 
extrapulmonary complication of CF, although it typically develops much earlier in 
life than CFRD, often beginning in early childhood with intrahepatic changes, where 
excessive mucus in biliary ducts, focal biliary cirrhosis and periportal changes can 
already be observed in the first months of life (208). CFHI affects around 30% of 
individuals with cystic fibrosis by 25 years of age (209). Advanced CF liver disease 
(aCFLD) affects up to 10 % of individuals with CF by age 30 (210). In an Irish 
cohort study, the incidence of CFHI was highest in paediatric CF patients under the 
age of 10 (211). In the same study, CF patients who had normal clinical and 
radiological liver findings at the age of ten were not affected by CFHI during a 10-
year follow-up, pointing to an early onset of CFHI in the lifetime of individuals with 
CF. 

Definition and clinical signs 
CFHI is a heterogeneous condition with a wide spectrum of clinical manifestations, 
which has historically made it difficult to establish a precise and universally 
accepted definition. Previously, the definition proposed by Debray et al., Koh et al. 
or Colombo et al. were broadly used (210, 212, 213). To address this challenge, a 
new consensus paper and updated clinical guidelines were published in 2024, 
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providing clearer diagnostic criteria and recommendations for the management of 
CFHI (214). 

Since 2024, the new classification defines CF liver disease into two categories: 

 

Advanced CF Liver Disease (aCFLD) refers to having one (or more) 
of the following: nodular liver, advanced fibrosis (F4), multilobular 
cirrhosis with or without portal hypertension, or non-cirrhotic portal 
hypertension. 

CF Hepatobiliary Involvement (CFHBI) refers to having one (or 
more) of the following without features of aCFLD: hepatomegaly, liver 
fibrosis (<F4), increased liver stiffness by elastography (<F4), hepatic 
steatosis, focal biliary cirrhosis, cholestasis, persistent elevation of 
serum liver enzyme levels, abnormal liver imaging, cholelithiasis, 
sclerosing cholangitis, or hepatolithiasis. 

 

CFHI is associated with increased morbidity and mortality. According to the U.S. 
CF Foundation, CFHI and aCFLD accounted for 4.5% of deaths in individuals with 
CF in the United States in 2023 (215). In individuals with CFHI, the morbidity is 
increased, with higher hospitalisation rates and an increased risk of CF-related 
diabetes, CF bone disease, and malnutrition (216). Issa et al. showed that individuals 
with aCFLD present with lower lung function (217).  

Portal hypertension (PHT) appears to play an important role in morbidity and 
mortality, as it is the most clinically significant and severe manifestation of aCFLD 
(218). PHT can lead to splenomegaly, thrombocytopenia, ascites, gastrointestinal 
varices, and variceal bleeding. In recent years, there have been increasing reports 
that PHT can occur through different pathways in aCFLD, including cirrhotic PHT 
in early life and a non-cirrhotic PHT (also called CF-related hepatic venopathy) in 
adulthood (219).  
In the early stages, CFHI may be clinically silent. When present, signs can include 
persistently elevated liver enzymes, hepatosplenomegaly, steatosis, fibrosis, and 
cirrhosis. In neonates with CF, the condition may manifest as cholestasis. 
Histological studies of neonates and infants with CF have already shown abnormal 
liver parenchyma, including broadened portal tracts, portal fibrosis, ductular 
proliferation, and inspissated eosinophilic material within the bile ducts (220).  
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Risk factors for the development of CFHI are male sex, minimal function variants 
of class I-III, pancreatic insufficiency, meconium ileus, and genetic modifiers such 
as SERPINA1 resulting in a heterozygosity for α1-antitrypsin z allele (209, 221, 
222). 

Pathophysiology of CFHBI 
The wide range of disease manifestations suggests that the pathophysiology of 
CFHBI is multifactorial, and many aspects remain unresolved. 

A central mechanism involves the CFTR defect in cholangiocytes. CFTR is 
expressed on the apical membrane of these epithelial cells lining the bile ducts and 
gallbladder. When CFTR function is impaired, bile composition is altered, affecting 
bile acid concentration, viscosity, and pH, which can lead to biliary obstruction with 
inspissated bile, accumulation of toxic bile acids, and depletion of hepatic 
antioxidants. This cascade contributes to hepatocellular injury and inflammation, 
initially manifesting as focal periportal inflammation and fibrosis, progressing to 
focal biliary cirrhosis, and, in some cases to multifocal biliary cirrhosis with portal 
hypertension (223, 224).  

Another contributing factor may be dysregulation of the innate immune response in 
CFTR-defective cholangiocytes. In a murine model, CFTR deficiency in 
cholangiocytes was shown to activate an epithelial protein complex involving Src 
tyrosine kinase–mediated stimulation of Toll-like receptor 4. This pathway activates  
NF-κB, leading to pro-inflammatory signalling and cytokine release, causing 
inflammation, disruption of the apical junctional complex, and impaired epithelial 
barrier function (225).  

A further proposed mechanism involves the gut–liver axis. Alterations in the gut 
microbiome, together with increased mucosal inflammation and permeability, may 
permit microbial products and inflammatory mediators to enter the portal 
circulation, thereby triggering hepatic inflammation and contributing to portal 
fibrosis (226) 

The recently described form of non-cirrhotic portal hypertension, also referred to as 
CF-related hepatic venopathy and predominantly observed in adults, remains poorly 
understood. Proposed mechanisms include endothelial dysfunction, platelet 
activation with subsequent microthrombosis, and translocation of bacterial 
endotoxins into the portal circulation due to impaired tight-junction integrity (83, 
227).  
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Screening and management of CFHBI 
Because CFHBI can be asymptomatic and may already be present in neonates, early 
childhood screening is essential. The 2024 consensus recommendations propose 
annual screening beginning at the time of CF diagnosis, including a physical 
abdominal examination and liver function tests. In addition, abdominal ultrasound 
should be performed every two years starting at age three (214). 

According to the new consensus guidelines, individuals diagnosed with CFHBI 
should undergo a baseline liver elastography assessment to evaluate liver stiffness 
and identify aCFLD (214). Thereafter, liver elastography should be performed at 
least annually to monitor disease progression. Elastography is a non-invasive 
method that measures liver tissue elasticity; increasing stiffness reflects underlying 
fibrotic processes in the liver parenchyma. It is a validated tool for staging fibrosis 
across several chronic liver diseases (228). Liver elastography can be performed 
using multiple modalities, including vibration-controlled transient elastography 
(VCTE), ultrasound-based techniques such as acoustic radiation force impulse 
imaging (ARFI) and two-dimensional shear-wave elastography (SWE), as well as 
magnetic resonance elastography (MRE). Our previous work demonstrated that 
SWE is a valuable, non-invasive, and rapid method for assessing CFHBI (229). 
SWE has proven to be an effective tool for routine follow-up and for detecting 
early-stage CFHBI in both adults and children (230-232).  

Additional assessments in individuals with CFHBI include standardized evaluations 
for other liver diseases, magnetic resonance cholangiopancreatography, and liver 
histology when indicated. Ongoing monitoring should be performed regularly and 
includes liver function tests included INR and platelet counts every six months, 
abdominal ultrasound, liver elastography, non-invasive fibrosis indices, nutritional 
and pharmacological guidance, screening for CFRD, and surveillance for 
hepatobiliary malignancies. 

Management of CFHBI and aCFLD remains challenging, and currently no clear 
evidence-based treatment or proven preventive strategy exists. Medical therapy - 
most commonly ursodeoxycholic acid (UDCA), continues to be widely used despite 
conflicting evidence regarding its long-term efficacy in a systematic Cochrane 
review (233). UDCA, a hydrophilic secondary bile acid, is thought to improve bile 
secretion, reduce bile viscosity, and decrease the proportion of toxic hydrophobic 
bile acids (234). Although small studies have reported improvements in liver 
enzyme levels, there is no convincing evidence that UDCA prevents the 
development or progression of aCFLD, although it may have beneficial effects in 
mild CFHBI (235). The current consensus guidelines do not recommend the routine 
use of UDCA to prevent aCFLD.  

For advanced CF-related liver disease, surgical options such as portosystemic 
shunting may be considered in selected cases, whereas liver transplantation remains 
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the definitive treatment for end-stage disease or complications such as portal 
hypertension. 

The potential benefit of CFTR modulator therapy for CFHBI and aCFLD remains 
uncertain. Large randomized controlled trials with liver-specific endpoints are 
lacking, and the available evidence is limited to small observational studies. An 
additional challenge is that many individuals with established CFHBI or aCFLD 
have limited access to CFTR modulators, either due to their CFTR genotype or 
concerns about potential hepatotoxicity (236, 237).  

Treatment with lumacaftor/ivacaftor has been associated with significant reductions 
in gamma-glutamyl transferase and alkaline phosphatase levels, whereas ETI has 
shown mixed effects on these markers, along with reported increases in total and 
direct bilirubin concentrations (238). A case report in a 17-year-old girl with CF 
further described an improvement in CFLD-related steatosis after two years of 
ivacaftor treatment (239).  

Current guidelines recommend the use of highly effective CFTR modulators in 
individuals with CFHBI and, with careful monitoring, also in those with 
compensated aCFLD. Their precise impact on the progression of CF-related liver 
disease, however, remains to be fully determined. 

Several emerging therapeutic strategies are under investigation. These include 
vitamin D supplementation and probiotics aimed at modulating the gut–liver axis, 
norursodeoxycholic acid (norUDCA), which may increase biliary flow through 
enhanced bicarbonate secretion, and anti-inflammatory approaches targeting TLR4 
signalling (83, 240). These interventions may offer future treatment possibilities, 
but further research and clinical evidence are needed. 
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Aims 

This thesis aims to elucidate the complex interplay between cystic fibrosis–related 
metabolic dysregulation and multi-organ health, including its impact on pulmonary 
disease progression and hepatobiliary involvement in the context of CFTR 
modulator therapy. 

Paper I–II focus specifically on the impact of metabolic disturbances in CF on 
pulmonary health. In these studies, we sought to elucidate inflammatory pathways 
involved in CFRD-associated lung disease, examine the expression of key 
regulatory proteins, and explore the role of the airway microbiome. 

Given the close association observed between lung function decline, heightened 
inflammation, and microbiome alterations, we extended our investigation in Paper 
III to assess how FEV1pp is influenced by abnormal glucose tolerance (AGT) in 
the Swedish CF population, using a retrospective observational study design. 

In Paper IV, we examined the effects of ETI - a therapy approved in Sweden during 
my doctoral studies - on CF-related liver disease, with a particular focus on changes 
in liver elastography measurements. 
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Methods 

Population 
CF care in Sweden is organised as a centralised healthcare system, with 
approximately 800 individuals currently living with cystic fibrosis. CF care is 
provided at four specialised CF centres located in Stockholm, Uppsala, Gothenburg, 
and Lund. All patients attend at least one annual visit at their CF centre, following 
a standardised review programme conducted by a multidisciplinary team. Due to the 
geographical distances within Sweden, routine clinical care between annual visits is 
delivered through a shared-care model in collaboration with local healthcare 
providers. 

In Papers I–II, the cohort of this observational study consisted of individuals with 
CF receiving treatment at the adult unit of the CF centre in Lund, Skåne University 
Hospital. At the adult unit, 140 individuals with CF are treated. All sputum samples 
and clinical data were collected during scheduled visits at the CF centre in Lund. 
The clinical data were collected from the Swedish CF registry.  

In Paper III, individuals with CF from the age of 10 years who were included in the 
Swedish national CF registry were enrolled in this retrospective observational study. 
All four CF centres in Sweden report to the national CF registry, and all participants 
have provided informed consent for data collection and use. The CF registry was 
established in 2012 and contains data from all four CF centres. According to the 
2024 annual report, the registry comprises 811 patients. 

Data from each patient’s annual review at their CF centre are entered into the CF 
registry, with the annual review scheduled in the same month each year for each 
patient. The Swedish CF registry is part of the European CF Registry, and Swedish 
data are reported annually to the European platform. The Swedish CF registry is 
certified within the national system for knowledge-driven management in Swedish 
healthcare and is considered a robust and high-quality registry, with a coverage rate 
exceeding 99% in 2024. 

In the retrospective cohort study of Paper IV, individuals with CF who underwent 
regular assessments for CFHBI at the paediatric unit of the CF centre in Lund were 
included. The paediatric unit provides care for approximately 70 patients. 
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Annual evaluation for CFHBI is initiated at an early age and includes liver function 
tests, abdominal ultrasound, and liver elastography measurements. Data were 
collected retrospectively from patients’ medical records after informed consent, 
covering the period from 2018 to 2022. 

Clinical investigations 

Lung function 
Lung function in individuals with CF is regularly assessed using spirometry. For 
this thesis, lung function data were obtained from the annual review, which is 
performed during a clinically stable period. FEV1pp values were calculated using 
the Global Lung Function Initiative equations (241). FEV1pp measures airflow 
limitation and is a parameter for the limitation in the central airways. It is a 
well-established measure of CF lung disease severity and is widely used as a key 
endpoint in CF research. 

In Paper IV, lung clearance index (LCI) was used as a lung function parameter. LCI 
was calculated using multiple breath washout (MBW) with Exhalyzer®D 
(Ecomedics, version 3.3.1), using three consecutive measurements in nitrogen 
washout mode, representing inhomogeneous ventilation (242). The LCI value is an 
indicator of ventilation in the peripheral airways and is considered a more sensitive 
method than FEV1pp in paediatric CF patients (243). 

Oral glucose tolerance test 
The oral glucose tolerance test (OGTT) is performed annually from the age of 10 
years in individuals with CF, in accordance with CF care guidelines. The procedure 
follows WHO standards, using an oral glucose load of 1.75 g/kg (maximum 75 g), 
with blood glucose measured in mmol/L at baseline (0 minutes) and at 30, 60, 90, 
and 120 minutes (170). HbA1c (mmol/mol) is also obtained at baseline.  
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The classification of OGTT is shown in Table 3 below (244): 

Table 3. Oral glucose tolerance test results 

 Fasting plasma glucose 
(mmol/L) 

2-h glucose 
(mmol/L) 

Notes 

NGT <7.0 <7.8 All glucose levels <11.1  
INDET <7.0 <7.8 Mid-OGTT glucose >/=11.1 
IGT <7.0 7.8-11.1  
CFRD FH- <7.0 >/=11.1  
CFRD FH >/=7.0   

 NGT: Normal glucose tolerance, INDET: Indeterminate glycemia, IGT: Impaired glucose tolerance, 
CFRD FH-: Cystic fibros-related diabetes without fasting hyperglycaemia, CFRD FH: Cystic fibros-
related diabetes with fasting hyperglycaemia 

Screening for CFHBI 
At the paediatric unit of the CF centre in Lund, all individuals with CF undergo 
regular screening for CFHBI as part of the annual review. The screening includes 
liver function tests alanine aminotransferase (ALT), aspartate aminotransferase 
(AST), gamma-glutamyl transferase (GGT), alkaline phosphatase (ALP), and direct 
and indirect bilirubin. A clinical abdominal examination and an abdominal 
ultrasound with liver elastography are also performed. Liver elastography has been 
included as part of the CFHBI screening for all paediatric patients in Lund since 
2017. Before liver elastography is performed, the patient must fast for three hours. 
Liver elastography measures the elasticity of the liver parenchyma, which is 
reported in kilopascals (kPa). In Lund, liver elastography is performed by paediatric 
radiologists using 2D SWE on the Canon/Toshiba Aplio i70 system. The 2D SWE 
technique generates shear waves within the tissue and calculates their propagation 
speed, which correlates with liver stiffness and is expressed in kPa. 2D SWE is a 
non-invasive and safe method that can be used repeatedly for monitoring and 
screening. It has an increasing role in fibrosis screening in paediatric patients and 
individuals with CF (229, 231, 245).  
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Laboratory methods 

Sputum preparation 
Sputum samples from individuals with CF were used for the analyses in Paper I and 
Paper II. The samples were obtained during routine visits at the CF centre in Lund. 
As part of standard clinical care, sputum samples are collected at every CF centre 
visit and sent for microbiological analysis. Samples are obtained during the 
physiotherapy session as spontaneously expectorated sputum, primarily after 
inhalation with hypertonic saline. 

For this research project, one additional sputum sample was donated after informed 
consent. The sample was immediately transported to the laboratory at BMC, Lund 
University, and liquefied using 0.1% dithiothreitol (DTT) in PBS. Following 
incubation at 37°C with continuous mixing for 20 minutes, the sample was divided 
into two portions: one was used for DNA extraction, and the other was centrifuged 
at 1000 × g for 10 minutes, after which the cell-free supernatant was collected for 
cytokine analysis (246). 

Quantification of cytokines and inflammatory mediators 
In Papers I and II, we quantified the cytokines IL-1β, IL-8, IL-6, IL-17, TNF-α, as 
well as the inflammatory mediator NE.  

For the analysis of NE activity, a chromogenic assay from Sigma-Aldrich was used. 
The assay quantifies NE activity based on its ability to proteolytically cleave a 
synthetic substrate and release the fluorophore AFC, which enables measurement of 
enzymatic activity by fluorescence (246). 

For analysis of IL-1β, IL-8, IL-6, IL-17, and TNF-α, a multiplex immunoassay on 
the Meso Scale Discovery (MSD) platform was used.  

The MSD platform (Mesoscale Diagnostics LLC., Maryland, USA) is based on the 
same immunological principles as a traditional sandwich ELISA but uses 
electrochemiluminescence for detection. In a traditional sandwich ELISA, the target 
analyte is captured between two antibodies: a plate-bound capture antibody that 
binds the analyte from the sample, and a detection antibody that recognizes a 
different epitope on the same molecule. This antibody–antigen–antibody 
“sandwich” is then visualized through an enzyme-linked detection system that 
produces a measurable signal. This dual-antibody binding provides high specificity 
and makes sandwich ELISA well suited for quantifying low-abundance proteins 
such as cytokines. 
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Similar to this format, the MSD system (Figure 11) also uses a capture antibody 
immobilized within each well and a detection antibody labelled with an 
electrochemiluminescent tag. However, MSD incorporates two major 
advancements. First, it uses electrochemiluminescence detection with a SULFO-
TAG, which produces light only when an electrical current is applied, resulting in 
very low background noise and high sensitivity. Second, MSD plates contain 
multiple spatially separated antibody spots within a single well, allowing the 
simultaneous measurement of several cytokines from the same small sample 
volume. This multiplex design reduces pipetting steps, minimizes handling errors, 
prevents sample loss, and ensures that all analytes are measured under identical 
conditions.  

 

Figure 11.  
Meso Scale Discovery assay, AI generated 

Proteome analysis 
Proteome analysis of sputum provides a comprehensive overview of all proteins 
present in the sample and enables a detailed investigation of airway inflammation. 
With major advances in analytical instrumentation and computational 
bioinformatics, proteomics has become an increasingly powerful tool in biomedical 
research, offering high sensitivity, a broad dynamic range, and the ability to identify 
hundreds to thousands of proteins within a single sample. 

In Paper I, we applied tandem mass spectrometry-based proteomics to characterize 
the sputum proteome (Figure 12). The modern proteomic workflow begins with 
sample preparation, during which sputum is homogenized, and proteins are 
extracted. We used a bottom-up mass spectrometry approach, in which proteins are 
enzymatically digested into peptide fragments. For this purpose, proteins were 
digested with trypsin and incubated at 37 °C for 18 hours (247). 

The resulting peptide mixture was then separated using liquid chromatography, 
which resolves peptides based on their hydrophobicity. We used an Orbitrap Eclipse 
mass spectrometer coupled to an ultra-high-performance liquid chromatography 
Dionex Ultra 3000 system (Thermo Scientific). In tandem mass spectrometry 
(LC-MS/MS), peptides first enter the mass spectrometer, where they are ionized in 
the first MS stage and subsequently fragmented. Fragmentation generates 
characteristic fragment-ion spectra, which function as “molecular fingerprints.” 
These fragments then enter the second MS stage, where they are detected according 
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to their mass-to-charge ratio (m/z). By using a data-independent acquisition method, 
all peptides present in the sample are repeatedly fragmented and analysed in the 
second MS, enabling the detection of even low-abundance peptides. 

The MS/MS data were analysed using Spectronaut (version 18.4.231017.55695) 
against the UniProt reviewed human database containing 20,418 entries. 
Quantification of identified proteins was performed using the Perseus software 
platform (version 2.0.9.0), and gene-enrichment analyses were conducted using 
Metascape (248). 

 

Figure 12.  
Sputum proteome analysis, AI generated  
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Quantitative Polymerase chain reaction (PCR) 
Polymerase chain reaction (PCR) is a molecular technique used to amplify small 
amounts of DNA (Figure 13), enabling subsequent quantification and identification 
of specific genetic targets.  

In Paper I and Paper II, quantitative PCR was used to measure the bacterial load in 
sputum samples. Total bacterial load was assessed using quantitative PCR (qPCR) 
targeting the bacterial 16S rRNA gene, a genetic marker present in all bacteria. The 
16S rRNA gene contains two types of regions: conserved regions and hypervariable 
regions. The conserved regions are largely unchanged throughout evolutionary 
history and are therefore used as binding sites for universal primers during PCR 
amplification. In contrast, the hypervariable regions (V1–V9) exhibit sequence 
diversity between bacterial taxa and function as a molecular fingerprint, allowing 
species-level or genus-level identification in microbiome analyses. Amplification 
was performed using previously published primer sequences binding in the 
conserved region in the 16S rRNA gene at a 59.4°C annealing temperature, allowing 
sensitive and accurate measurement of the overall bacterial burden in each sample 
(249). 

As first step, total DNA was extracted from sputum using Pathogen Lysis Tubes S, 
followed by the QIAamp UCP Pathogen Mini Kit to efficiently lyse bacterial cells. 
The extraction workflow involved mechanical bead-beating, followed by 
purification of total DNA.  

Amplification proceeds through repeated temperature cycles consisting of 
denaturation (94–98°C), annealing (50–65°C), and extension (68–72°C). During 
denaturation, double-stranded DNA separates into single strands. In the annealing 
step, primers bind to their complementary sequences on the template DNA. During 
extension, DNA polymerase synthesizes new complementary strands by adding 
nucleotides to the primer–template complex. These cycles are repeated 30–45 times, 
resulting in exponential amplification of the target DNA sequence.  

Quantification of 16S rRNA gene copies during PCR amplification was performed 
using iTaq Universal SYBR Green Supermix (Bio-Rad). Serial 10-fold dilutions of 
P. aeruginosa DNA at known concentrations were analyzed in parallel and used to 
generate a standard curve. 
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Figure 13.  
PCR steps, AI generated 

Microbiome 
The complex analysis of the bacterial airway microbiome in Paper II was conducted 
with support from the Center for Translational Genomics (CTG), Lund University, 
Lund, Sweden, and from the National Bioinformatics Infrastructure Sweden 
(NBIS), SciLifeLab, Department of Laboratory Medicine, Lund University, Lund, 
Sweden. 

Microbiome profiling begins with the collection of biological material containing 
microbial DNA. In this study, sputum samples were collected during routine clinical 
visits. To ensure reliable downstream analysis, samples were handled under 
standardized conditions to minimize contamination and preserve microbial 
integrity. 

Total DNA was extracted as described above. The resulting DNA contained the 
mixed genetic material from the sputum and served as the template for subsequent 
amplification. 

To characterize the bacterial composition of the sputum microbiome, we performed 
targeted amplification of the 16S rRNA gene. Amplicon libraries were prepared 
using primers targeting the hypervariable V3–V4 region of the bacterial 16S rRNA 
gene for identification of different bacterial taxa. Specifically, we used the 
515F/806R primer pair, a widely adopted primer set suitable for broad bacterial 
detection. 



61 

PCR amplification enriched the bacterial 16S rRNA fragments from the extracted 
DNA, enabling sensitive detection of microbial community members. The 
amplification protocol followed standard cycling conditions, including 
denaturation, annealing, and extension steps optimized for efficient and specific 
amplification of the V3–V4 amplicon as described above. 

After amplification, the amplicons were analysed by sequencing on the Illumina 
NextSeq 2000 platform. Sequencing data were processed using the nf-core/ampliseq 
pipeline (version 2.9.0), part of the nf-core community-curated workflow collection 
in fully reproducible computational environments using Bioconda and 
Biocontainers. Bioconda and Biocontainers provide reproducible software 
environments by offering pre-built bioinformatics tools (Bioconda) and 
standardized containerized versions of these tools (Biocontainers), ensuring 
consistent and reliable execution of the nf-core/ampliseq workflow.  

Initial sequence quality was assessed with FastQC, and summary reports across all 
samples were compiled using MultiQC. Primer trimming was performed using 
Cutadapt, and sequences lacking the required primer sequences after trimming were 
discarded to ensure high-quality amplicon reconstruction. 

Amplicon sequence variants (ASVs), representing single-nucleotide–resolved 
bacterial sequence features, were inferred using the DADA2 pipeline and were 
taxonomically classified against the SILVA 138.1 prokaryotic SSU database. This 
combined workflow provides precise, high-resolution characterization of the 
sputum microbiome and minimizes amplification bias and sequencing artifacts. 

For further analysis regarding the diversity in the airway microbiome (Figure 14), 
including analyses of the richness (number of taxa) and evenness (their distribution), 
ASVs were aggregated at the genus level. 

For alpha diversity, we used the Shannon index (reflecting both richness and 
evenness) and observed genera (richness only). For beta diversity, we used Bray-
Curtis dissimilarity, which accounts for both the presence and abundance of taxa, 
and this was visualized by principal coordinate analysis. A principal coordinate 
analysis plot shows how similar or different microbial communities are across 
samples: closer points mean more similar composition, axis percentages show how 
much variation each coordinate explains, and clustering or separation indicates 
biological patterns. 

R statistical software (version 4.1.1) was used to perform the statistical analysis. 
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Alpha diversity 

Alpha diversity describes the diversity within a single sample. It can be 
assessed using metrics such as the Shannon index, which reflects 
both the number of taxa and their distribution, and observed genera, 
which measure the total number of genera present. 

Beta diversity 

Beta diversity describes the diversity between samples. It provides 
insight into how distinct or similar microbial communities are across 
samples. Bray-Curtis dissimilarity was used as a metric, which 
quantifies differences based on the abundance of shared taxa. Higher 
Bray-Curtis values indicate greater dissimilarity between samples. 

 

 

Figure 14.  
Analysis of microbiome data in the thesis, AI generated. 
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Statistics 
Different statistical software and tests were used in this thesis.  

Paper I-II 
Statistical analyses of clinical data, cytokines, and bacterial load were performed 
using GraphPad Prism version 10.0.2 (GraphPad Software, San Diego, CA). 
Comparisons between groups were conducted using the Mann–Whitney U test for 
continuous non-parametric data. Fisher’s exact test was applied for comparisons of 
categorical variables. A p-value ≤ 0.05 was considered statistically significant. 

Statistical analyses of the proteomic data were performed using the Perseus platform 
(version 2.0.9.0) by Lotta Happonen and Sounak Chowdhury, Lund University, 
Department of Clinical Sciences, Lund, Sweden. 

Microbiome analyses were conducted in R (version 4.1.1) by Katja Kozjek, 
National Bioinformatics Infrastructure Sweden (NBIS), SciLifeLab, Department of 
Laboratory Medicine, Lund University, Lund, Sweden. 

Multiple regression analyses examining the association between the Shannon index, 
CFRD, and lung function were performed using SPSS version 30.0 (IBM SPSS Inc., 
Chicago, IL, USA). 

Paper III 
All statistical analyses were performed using SPSS (IBM SPSS Statistics, version 
30.0) and were conducted by Olivia Olsson, Lund University, Department of 
Clinical Sciences, Lund, Sweden, with support from Clinical Studies Sweden, 
Forum South, Lund. For baseline characteristics, bivariate analyses (chi-square tests 
and Kruskal-Wallis tests) were used to compare the three glucose tolerance status 
groups. When the Kruskal-Wallis test indicated significant group differences, 
Bonferroni-adjusted Dunn’s post hoc tests were performed. A p-value ≤ 0.05 was 
considered statistically significant. Multiple linear regression analysis was used to 
assess differences in lung function between the three glucose tolerance groups after 
adjusting for relevant confounders. Changes in lung function over time were 
analysed using a linear mixed-effects model. 

Paper IV 
Statistical analyses were performed using GraphPad Prism version 10.0.2 
(GraphPad Software, San Diego, CA, USA). The Wilcoxon matched-pairs 
signed-rank test was used to compare pre-ETI and post-ETI values. Descriptive 
statistics were applied for clinical data and are presented as non-parametric 
measures, including the median and interquartile range (IQR). A p-value ≤ 0.05 was 
considered statistically significant. 
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Ethical considerations 

All studies included in this thesis were conducted in accordance with ethical 
principles for medical research according to the Declaration of Helsinki and were 
approved by the Swedish ethics review boards. Written informed consent was 
obtained from all participants, or from legal guardians for participants under the age 
of 15 in for Papers I, II and IV. 

Sputum samples were collected during routine, planned clinical visits at the CF 
centre, ensuring that no additional procedures beyond standard care were required 
for sample acquisition. Clinical data used in this thesis were obtained from patient 
records or from the Swedish CF Registry, which contains data collected annually 
during the standardised review at each CF centre. All participants consented to the 
inclusion of their clinical data in these projects. 

Liver elastography measurements analysed in this thesis were performed as part of 
the routine annual CF review and did not involve any additional examinations 
beyond normal clinical practice. Thus, no extra burden was imposed on participants. 

All data were processed in accordance with the General Data Protection Regulation 
(GDPR), ensuring lawfulness, confidentiality, and integrity of personal data, and 
minimizing the risk of unauthorized access or data leakage. 

The results from these studies are not intended to provide a direct benefit to the 
individual participants, but rather to generate knowledge that may contribute to the 
improvement of care for the broader cystic fibrosis community.  
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Paper I 

The study was approved by the local Medical Ethics Committee in 
Lund (DNR 2018/54 with amendments 2021-05475-02 and 2023-
06075-02). 

Paper II 

The study was approved by the Swedish Ethical Review Authority, 
Uppsala, Sweden (DNR 2018/54 with amendments 2021-05475-02 
and 2023-06075-02 and DNR 2021-01191). 

Paper III 

The study was approved by the Swedish Ethical Review Authority, 
Uppsala, Sweden (DNR 2023-06024-01) and the Swedish CF 
Registry Steering Committee. 

Paper IV 

This study was approved by the local Medical Ethics Committee in 
Lund (DNR 2018/54).  
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Results 

Paper I 
The main aim of Paper I was to investigate the inflammatory profile in sputum in 
individuals with CF without diabetes compared to those with CF and diabetes.  

A total of 40 individuals with CF were enrolled at the adult unit, CF Centre Lund, 
of whom seven were excluded (one due to organ transplantation and six due to 
uncertain glucose tolerance status), resulting in a final cohort of 33 participants 
(Table 4). Eighteen participants (55%) had CFRD, and 13 of them (72%) were 
treated with insulin. HbA1c levels were significantly higher and lung function 
significantly lower in individuals with CFRD.  

Table 4. Patient characteristics, Paper I 

 

All patients  
(n=33) 

PwCF 
without 
CFRD 
(n=15) 

PwCF 
with CFRD 
(n=18) 

p-value 
 

Age years, median (IQR) 38 (27–39) 32 (25-39) 39 (29-40)  0.27 
female n (%) 10 (30) 5 (33) 5 (28) >0.99 
Homozygous ΔF508 n (%) 18 (55) 9 (60) 9 (50) 0.73 
BMI (kg/m2) median (IQR) 23 (21–25) 24 (21-24) 23 (20-27) 0.88 
FEV1pp median (IQR) 71 (54-86) 86 (70-96) 60 (45-74) <0.01 
Chronic P. aeruginosa n (%) 22 (67) 8 (53) 14 (78) 0.16 
Pancreatic insufficiency n (%) 32 (97) 14 (93) 18 (100) 0.45 
Treatment with CFTR modulator n (%) 20 (61) 10 (67) 10 (56) 0.72 
HbA1c (mmol/mol) median (IQR) 41 (36-45) 37 (34-41) 43 (41-50) <0.001 

CFRD: cystic fibrosis-related diabetes; BMI: body mass index; FEV1pp: forced expiratory volume in 1 
second, expressed as percent of predicted.  

To compare airway inflammation between individuals with and without CFRD, NE 
activity and inflammatory cytokines were measured in sputum. NE activity, IL-8, 
and IL-1β concentrations were significantly higher in the CFRD group, whereas 
IL-6 levels were lower (Figure 15). No group differences were observed for IL-17, 
TNF-α, or total bacterial DNA. 

Because airway inflammation is closely linked to lung function and individuals with 
CFRD in our cohort presented with lower FEV1pp, participants were matched by 
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FEV1pp (within ±5 percentage points) to control for this potential confounder, 
resulting in two comparable groups (n=10 per group) with similar lung function 
(median FEV1pp 72 (IQR 61-82), vs 73 (62-86), p=0.75), age, and P. aeruginosa 
colonisation. In these matched groups, sputum levels of NE, cytokines, and bacterial 
load did not differ significantly, although IL-1β showed a non-significant trend 
toward higher levels in individuals with CFRD (Figure 15). 

In summary, CFRD appears to be associated with increased airway inflammation, 
but this relationship is largely explained by lower lung function, making it difficult 
to determine whether CFRD directly drives airway inflammation.  

 

Figure 15. Neutrophil elastase activity and cytokine expression in sputum samples.  
Sputum samples from pwCF with (n=18) or without CFRD (n=15) were analysed for neutrophil elastase 
(NE) activity using a chromogenic assay (A), the inflammatory cytokines IL-8 (B), IL-1β (C), IL-6 (D), IL-
17 (E) and TNFα (F) using Mesoscale U-PLEX assays, and bacterial DNA using qPCR of the 16S 
rRNA gene (G). Red dots represent patients matched on lung function. Bars represent median values. 
*=p<0.05, **=p<0.01, ns = not significant. 

To more deeply examine airway inflammation in relation to CFRD, we analysed the 
sputum proteome using DIA LC-MS/MS. Across all samples, 2313 human proteins 
were identified. In the total cohort, 27 proteins were significantly associated with 
CFRD and 83 with non-CFRD. Gene-enrichment analysis showed that 
CFRD-associated proteins were enriched in neutrophil degranulation and 
carbohydrate metabolism, while proteins associated with non-CFRD were linked to 
humoral immunity and platelet activation (Figure 16). 
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We then compared proteomes in pwCF with and without CFRD matched for lung 
function. No proteins reached significance in the enrichment analysis. However, 
among the 27 CFRD-associated proteins identified in the total cohort, ten remained 
significantly more abundant in the CFRD group after matching, including 
Prothymosin α (P06454), previously implicated in diabetes and insulin regulation. 
Conversely, 27 of the 83 proteins associated with non-CFRD were significantly 
more abundant in the matched non-CFRD group, including ezrin (P15311), TGFBI 
(Q15582), both linked to protective roles in diabetes, and α1-antitrypsin (P01009), 
essential for protease–antiprotease balance in the airways.  

Taken together, we demonstrated that there is an increased airway inflammation in 
individuals with CFRD and distinct airway protein expression patterns. 

 

Figure 16. Sputum proteins significantly associated with CFRD.  
(A) Volcano plot showing proteins significantly associated (blue dots) with CFRD and non-CFRD. (B-C) 
Gene enrichment analyses of the 27 proteins significantly associated with CFRD (B) and the 83 
proteins associated with non-CFRD (C) using Metascape. 
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Paper II 
The main aim of paper II was to compare the airway microbiome in individuals with 
CF without diabetes to that in individuals with CFRD. 

A total of 44 patients were included, of whom 26 (59%) had a confirmed diagnosis 
of CFRD at the time of sputum collection (Table 5). Individuals with CFRD 
exhibited significantly lower lung function and higher HbA1c levels compared to 
those without CFRD. Among those with CFRD, 18 patients (69%) were treated with 
insulin. 

Table 5. Patient characteristics, paper II 

 All patients 
(n=44) 

PwCF without 
CFRD (n=18) 

PwCF with 
CFRD (n=26) 

p-value 

Age in years median (IQR) 36 (27 – 40) 31 (25-39) 39 (28 - 42) 0.28 

Female n (%) 12 (27) 5 (28) 7 (27) 0.95 

Homozygous F508del n (%) 28 (64) 12 (67) 16 (62) 0.73 

BMI (kg/m2) median (IQR) 23.1 (20.7-24.6) 23.2 (21-24.1) 22.7 (20.6-25.4) 0.98 

FEV1pp median (IQR) 68.9 (56.6-86.3) 86.2 (67.1- 97) 61.9 (47.7-74.3) 0.006 

Chronic P. aeruginosa n (%) 27 (61) 11 (61) 16 (62) 0.98 

Pancreatic insufficiency n (%) 42 (95) 16 (89) 26 (100) 0.08 

HbA1c mmol/mol median (IQR) 41 (36.3-45.8) 37 (33.8-40) 44.5 (40.8-54.8) <0.001 

Treatment with ETI n (%) 5 (11) 3 (16) 2 (7) 0.36 

CFRD: cystic fibrosis-related diabetes; BMI: body mass index; FEV1pp: forced expiratory volume in 1 
second, expressed as percent of predicted. ETI: elexacaftor/tezacaftor/ivacaftor 

Cytokine analysis showed significantly higher sputum levels of IL-1β (p = 0.039) 
and significantly lower IL-6 (p = 0.0015) in individuals with CFRD. No differences 
in sputum bacterial load were observed between the groups. 

Sequencing of the 16S rRNA gene was used to analyse the lung microbiome in 
individuals with and without CFRD. Pseudomonas and Staphylococcus were 
frequent in both groups and tended to dominate when present (Figure 17). 

Microbiome diversity was assessed using alpha and beta diversity metrics. The 
number of observed genera did not differ between groups, indicating similar 
richness.  

In contrast, the Shannon index was significantly lower in the CFRD group 
(p = 0.027), reflecting reduced richness and a more uneven microbial community 
(Figure 17).  
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This was supported by unadjusted regression analysis, where CFRD was associated 
with lower Shannon diversity (B = –0.46 ( –0.90 to –0.23), p = 0.039). However, 
after adjusting for FEV1pp, the association was no longer significant (B = 0.001 (–
0.43 to 0.44), p = 1.0), while lung function remained strongly associated with 
Shannon diversity (B = 0.022 ( 0.012 to 0.033), p < 0.001). 

 

Figure 17. Lung microbial composition of the study samples at the genus level. 
The figure shows the microbiome of all included study samples from each patient. The patients´ 
diabetes status (no diabetes and diabetes) is indicated above the bars, and each bar displays the 
relative abundance of the 10 most common bacterial genera in this study. (B) Alpha diversity of the 
sputum samples of pwCF without and with CFRD. The microbiome composition of each sample was 
assessed based on genus richness (number of observed genera) (C) and genus diversity (Shannon 
index).  *=p<0.05, **=p<0.01, ns = not significant.  
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Together, these findings indicate that the reduced Shannon diversity observed in 
individuals with CFRD is primarily driven by impaired lung function rather than 
CFRD itself. 

Beta diversity was measured using the Bray-Curtis dissimilarity index. Principal 
coordinates analysis demonstrated no significant clustering between the CFRD and 
non-CFRD groups, indicating that CFRD alone did not drive major differences in 
overall microbial community structure. However, beta diversity correlated 
significantly with lung function, measured as FEV1pp (p = 0.001) and sputum IL-1β 
levels (p = 0.002), suggesting that airway inflammation and disease severity were 
stronger determinants of microbial community composition than CFRD status. 

Differential abundance analysis showed that Abiotrophia, Anaeroglobus, and 
Escherichia–Shigella were enriched in the CFRD group, whereas Neisseria, 
Prevotella, and Streptococcus were more abundant in individuals with CF without 
CFRD. 

Overall, the airway microbiome in CFRD tends to show reduced diversity and signs 
of dysbiosis. 
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Paper III 
In Papers I and II, we observed increased airway inflammation and indications of 
reduced microbial diversity and dysbiosis in individuals with CFRD. However, the 
strong influence of lung function decline within the CFRD group makes it difficult 
to determine the isolated effect of CFRD on airway inflammation. 

In Paper III, we therefore aimed to examine baseline lung function and longitudinal 
decline in lung function over a three-year period in a Swedish cohort of individuals 
with different glycaemic statuses - NGT, IGT and CFRD - based in OGGT results 
or CFRD diagnoses.  

For Paper III registry data were obtained from the Swedish CF registry. A total of 
411 patients were included in the cross-sectional analyses to define baseline lung 
function (Table 6). For the longitudinal analysis, 146 patients were excluded due to 
missing visits or fluctuation in glycaemic status, and a final cohort of 265 patients 
was included in the longitudinal analysis. 
 

Table 6. Patient characteristics, Paper III, cross-sectional analysis 

 All pwCF 
(n=411) 

NGT (n=202) IGT (n=57) CFRD 
(n=152) 

p-
value 

Age in years median 
(IQR) 

25 (16-36) 22 (15-30.3) 22 (13-33) 31 (21-41.8) <0.001 

Female n (%) 180 (43.8) 86 (42.6) 25 (43.9) 69 (45.4) 0.869 

Homozygous 
F508del n (%) 

210 (51.1) 107 (53) 28 (49.1) 75 (49.3) 0.756 

BMI (kg/m2) median 
(IQR) 

21.4 (19.2-23.6) 21.3 (19.1-23.3) 21.5 (18.2-23.4) 21.7 (19.5-24.1) 0.367 

FEV1pp median 
(IQR) 

80.4 (61.6-93.7) 82.3 (67.1-96.3) 85.9 (73-96.7) 70.8 (51.6-86.8) <0.001 

Chronic P. 
aeruginosa n (%) 

178 (43.3) 81 (40.1) 17 (29.8) 80 (52.6) 0.005 

Pancreatic 
insufficiency n (%) 

389 (94.6) 189 (93.6) 51 (89.5) 149 (98) 0.032 

HbA1c mmol/mol 
median (IQR) 

37 (35-42) 36 (34-38) 37 (35-38) 44 (39-53) <0.001 

Treatment with 
CFTR modulator 
n (%) 

210 (51) 104 (51,5) 28 (49) 78 (51) 0.94 

CFRD: cystic fibrosis-related diabetes; BMI: body mass index; FEV1pp: forced expiratory volume in 1 
second, expressed as percent of predicted. ETI: elexacaftor/tezacaftor/ivacaftor 
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In the cross-sectional baseline analysis, 49.1% were classified as NGT, 13.9% as 
IGT and 37% as CFRD. There was a clearly lower FEV1pp in the CFRD group 
compared to both the NGT (p<0.001) and IGT groups (p<0.001). No difference in 
lung function was observed between NGT and IGT (p=1.000) (Figure 18). After 
adjusting for confounding factors including age, pancreatic insufficiency and P. 
aeruginosa colonisation, the differences in FEV1pp between NGT and CFRD 
remained significant (B = −5.24 (−9.48 to −0.99), p = 0.016) in the multiple linear 
regression analysis. 
 

 

Figure 18. Lung function in the different glucose tolerance groups in the cross-sectional analysis.  
The figure shows the lung function (FEV1pp) in NGT (n=202), IGT (n=57) and CFRD (n=152) in the 
cross-sectional analysis. The boxplots display the median, interquartile range, and range. ***=p<0.001.  

In the longitudinal analysis of 265 patients, the results of lung function at baseline 
were consistent with the results in the cross-sectional analysis.  Lung function over 
time was then analysed using a linear mixed model, based on 627 observations 
across up to three years. The interaction between glucose tolerance status and time 
was not significant (p = 0.671), indicating that the rate of lung function decline did 
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not differ between groups. However, the main effect of glucose status on FEV1pp 
remained significant (p = 0.01). The CFRD group (B = -6.14 (-10.39 to -1.89), 
p = 0.005) had significantly lower lung function than the NGT group, while no 
difference was observed between IGT (B=1.32 (-6.42 to 9.06), p = 0.738) and NGT 
(Figure 19).  

Chronic P. aeruginosa colonisation, pancreatic insufficiency, and age were also 
significant predictors (all p < 0.001). Time itself was not significant (B= -0.64 (-2.51 
to 1.24), p=0.505), suggesting no substantial change in FEV1pp over the three-year 
period after adjustment for covariates. 

 

Figure 19. Lung function in the different glucose tolerance groups in the longitudinal analysis.  
The figure shows the lung function in FEV1pp in NGT, IGT and CFRD in the longitudinal analysis over 
a three-years time period. Data points represent the median FEV1pp, and error bars indicate the IQR. 
The table below the x-axis displays the number of patients with available data at each annual time point 
for each group.  

In summary, individuals with CFRD exhibited lower lung function compared with 
those with NGT or IGT, whereas lung function did not differ between individuals 
with IGT and those with NGT. However, over the three-year follow-up period, the 
rate of lung function decline was similar across all glycaemic status groups. These 
findings confirm a strong association between CFRD and reduced lung function, 
while lung function in individuals with IGT appears comparable to that in 
individuals with NGT. 
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Paper IV 
During this thesis, the highly effective elexacaftor/tezacaftor/ivacaftor (ETI) 
therapy became available in Sweden. In Paper IV, we aimed to assess the impact of 
ETI on CFHBI, with a specific focus on its effect on liver stiffness measured by 
liver elastography. 

In this retrospective study, we included 21 paediatric patients (Table 7) from the CF 
centre in Lund, Sweden, who underwent regular 2D SWE screening between 2018 
and 2024 and initiated ETI treatment in late 2022 or early 2023. Three measurement 
points were in the pre-ETI study period (Pre ETI 1-3) and one measurement point 
was after initiating ETI treatment Post ETI 1 (Figure 20) 

 

Figure 20.  
Timeline for CFHBI assessment  

At the last measurement point before initiation of ETI, Pre ETI 1, twelve patients 
(57%) were classified as having CFHBI according to the recent classification, none 
was classified having aCFLD. 
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Table 7. Patient characteristics, Paper IV 

 
Pre ETI 1 
Total cohort 
(n=21) 

Pre ETI 1 
CFHBI 
(n=12) 

Post ETI 
Total cohort 
(n=21) 

Age in years median (IQR) 14 (13-16) 14 (12.3-15.8) 16 (14-18) 
Homozygous F508del n (%) 14 (66) 11 (91,6) 14 (66) 
Female n (%) 11 (52) 7 (58) 11 (52) 
BMI SD (kg/m2) median (IQR) 0.2 (-0.6 to 0.6) 0.3 (-1.2 to 0.5) 0.3 (-0.8 to 1.1) 
FEV1pp median (IQR) 85.6 (73.8-97.9) 85.4 (72.9-98) 94.9 (85.1-105.1) 
Lung Clearance index (IQR) 7.4 (6.7-9.2) 7.4 (6.8-9.1) 6.6 (6.4-7.0) 
Chronic P. aeruginosa n (%) 3 (14) 1 (8)  0 (0) 
Pancreatic insufficiency n (%) 21 (100) 12 (100) 21 (100) 
Treatment with ursodeoxycholic 
acid n (%) 

7 (33) 7 (58) 6 (29) 

Treatment with lumacaftor-
ivacaftor n (%) 

12 (57) 7 (58) 0 (0) 

BMI: body mass index; CFHBI: Cystic Fibrosis Hepato‑Biliary Involvement; FEV1pp: forced expiratory 
volume in 1 second, expressed as percent of predicted.  

 

Analysis of liver stiffness by 2D SWE (Figure 21) revealed a significant reduction 
from Pre ETI 1 (median 5.6; IQR 4.6–8.3) to Post ETI (median 5.1; IQR 4.2–5.9) 
across the total cohort (W= -125, n=21, p=0.0283).  

Regarding liver enzymes, we observed a significant reduction in AST from Pre ETI 
1 to Post ETI in the total cohort. In contrast, GGT levels showed a slight but 
statistically significant increase following ETI treatment. Nevertheless, both AST 
and GGT values remained within the normal reference range before and after ETI 
treatment. There was no change in ALT levels from Pre ETI 1 compared to Post 
ETI in the total cohort. 

In a subsequent sub-analysis, we compared the effect of ETI in individuals with 
CFHBI to those without CFHBI. Participants with CFHBI had higher liver stiffness 
at Pre ETI 1 (median 6.8 kPa; IQR 4.9–9.2) compared with those without CFHBI 
(median 4.9 kPa; IQR 3.9–6.3). Within the CFHBI subgroup, liver stiffness 
decreased significantly during ETI treatment, reaching a median of 5.7 kPa (IQR 
3.9–7.1) (W = –60, n = 12, p = 0.0161). In contrast, individuals without CFHBI 
showed only a slight reduction in liver stiffness after ETI. 
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Figure 21. Liver stiffness measured by 2D shear wave elastography  
(A) Liver stiffness over time in the total cohort. (B) Liver stiffness over time in patients with CFHBI. 
*=p<0.05, **=p<0.01  

Regarding liver enzymes, individuals with CFHBI exhibited significantly higher 
AST levels at Pre ETI 1 compared with those without CFHBI. However, AST levels 
declined significantly Post ETI in the CFHBI subgroup. 

In a second sub-analysis, we examined whether lumacaftor–ivacaftor influenced 
liver stiffness. Twelve participants (57%) were already receiving this modulator at 
Pre ETI 1. Liver stiffness measurements taken before initiating lumacaftor–
ivacaftor (Pre ETI 3, 2018) and during treatment (Pre ETI 2, 2020) showed an 
increase from a median of 6 kPa (IQR 4.4–7.8) to 8 kPa (IQR 5.1–9.7) (W = 70, n 
= 12, p = 0.0034). No other significant changes were observed at the remaining time 
points in this sub-analysis. 

In summary, ETI had a beneficial effect on liver stiffness, particularly in individuals 
with CFHBI, whereas lumacaftor-ivacaftor did not show a comparable 
improvement. Liver enzyme elevations - often reported as ETI-related side effects -
were mild and remained within normal ranges. 
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Discussion 

Driving factors in CFRD airway inflammation 
The starting point of this thesis was an unexpected observation made in an earlier 
project. In a small cohort of paediatric patients at our CF centre, we detected 
variations in lung function and lung clearance index that appeared to relate to 
differences in glycaemic status (170). A search for pathophysiological mechanisms 
explaining the lung function decline characteristic of CFRD identified a notable gap 
in the literature, particularly regarding sputum-based analyses of airway 
inflammation. This knowledge gap ultimately motivated and guided the work 
presented in this thesis. 

In Paper I, we applied modern and comprehensive methods to address this 
knowledge gap. By integrating cytokine profiling with proteomic analyses, we 
obtained a more detailed understanding of the underlying inflammatory processes. 
To our knowledge, this is the first study to characterise airway inflammation and 
the full airway proteome in sputum from adults with CF, both with and without 
CFRD. In Paper II, we extended our work by analysing the airway microbiome 
together with the associated cytokine profile. 

In summary, we showed that CFRD is linked to higher airway NE activity, increased 
sputum levels of IL-8 and IL-1β, characteristic alterations in the airway proteome, 
and trends towards more dysbiosis and decreased microbial diversity. 

Our findings regarding cytokine activation and increased NE activity are consistent 
with earlier work showing elevated airway neutrophils and IL-8 expression in CF 
airways during periods of hyperglycaemia, where NE itself can drive epithelial IL-8 
production and perpetuate neutrophilic inflammation (139, 179). 

Evidence from outside the CF field further supports the concept that dysglycaemia 
directly adversely affects the airways. Type 2 diabetes is highly comorbid with 
COPD and contributes to worsened disease progression and greater respiratory 
morbidity (250). Hyperglycaemia also increases susceptibility to respiratory 
infections and promotes higher airway bacterial growth, including Staphylococcus 
aureus and Pseudomonas aeruginosa, by increasing glucose in ASL and impairing 
epithelial barrier integrity (177, 251, 252). In asthma, hyperglycaemia has similarly 
been linked to worsened symptom control and increased exacerbation risk, and the 
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association between asthma and type 2 diabetes has recently been confirmed in a 
large Swedish cohort (253, 254). 

A plausible explanation for these effects is that elevated airway glucose creates a 
nutrient-rich milieu favouring microbial proliferation and dysbiosis. In CF 
specifically, dysglycaemia has been associated with reduced microbial diversity and 
an increased abundance of dominant taxa such as Pseudomonas aeruginosa, 
consistent with the shifts observed in Paper II (255). However, bacterial load was 
not influenced by dysglycaemia in Paper I or II and these results are in alignment 
with another recently published study (255).  

Several mechanistic pathways may contribute to the hyperglycaemia-inflammation 
-microbial colonisation cycle. Oxidative stress and NF-κB activation are well 
recognised drivers of IL-8 and TNF-α upregulation in CF airways. IL-1β may be 
amplified through ROS-mediated activation, contributing to disturbances in the 
protease–antiprotease balance. This is compatible with our finding of increased NE 
activity together with reduced antiprotease availability in the sputum proteome of 
pwCF with CFRD. Additionally, dysregulation of IL-1β–TGF-β1 pathways can 
influence Th17 biology and may contribute to airway inflammation (256).  

IL-1β may also worsen hyperglycaemia itself by impairing insulin signalling in β-
cells  and higher glucose levels could lead to secretion of IL-1 β in human islet cells 
(257). TGF-β1, which was more highly expressed in individuals with CF without 
CFRD, has been demonstrated to promote pancreatic islet survival and function, and 
to attenuate type 1 diabetes development via immunoregulatory mechanisms in 
mouse models of diabetes (258, 259).   

Our proteomic data identified ezrin as more highly expressed in pwCF without 
diabetes. Ezrin is a key regulator of epithelial barrier function, linking 
transmembrane proteins to the cytoskeleton, and its downregulation under 
hyperglycaemic conditions has been shown to weaken tight junctions and increase 
epithelial permeability (260). Reduced ezrin may therefore facilitate increased 
bacterial ingress and augment airway inflammation and could also be a factor 
involved in microbial changes. 

Interestingly, IL-6 was decreased in CFRD in our cohort, aligning with its described 
roles in epithelial repair, regeneration, and interactions with TGF-β1 signalling 
(261).  

The lower expression of α1-antitrypsin in the sputum proteome of pwCF with CFRD 
is a sign of more impaired protease/antiprotease balance and reduced protective 
effects of  α1-antitrypsin (262). Interestingly, low levels of α1-antitrypsin have also 
been associated with both type 1 and type 2 diabetes (263-265). 

Finally, prothymosin α, which we observed to be associated with CFRD, has been 
identified as a genetic modifier of CFRD and is involved in oxidative stress, 
inflammation, and regulation of insulin sensitivity via TLR4 (182, 266). Its 
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established role in pulmonary emphysema pathogenesis, including its ability to 
potentiate NF-κB activation and protease expression, supports the biological 
relevance of its increased abundance in the sputum of pwCF with CFRD (267, 268). 

The additional finding in Paper II of reduced microbial diversity, together with a 
trend toward a more dysbiotic airway microbiome characterised by an increased 
relative abundance of Escherichia/Shigella in the CFRD group, further reinforces 
our cytokine and proteomic results demonstrating heightened airway inflammation 
and a greater susceptibility to pathogen invasion. Notably, Escherichia/Shigella has 
also been reported to be more abundant in the gut microbiome of individuals with 
type 2 diabetes compared with healthy controls, suggesting a possible direct 
association between shifts in microbial communities and dysglycaemia, potentially 
mediated through a gut–pancreas axis (269, 270).  

Emerging evidence indicates that gut bacteria may translocate to the pancreas, 
where they can trigger both local and systemic inflammatory responses. Such 
microbial translocation has been implicated in pancreatic injury, altered islet 
immune homeostasis, and impaired glucose metabolism (271, 272). In this context, 
the enrichment of Escherichia/Shigella in the airways of pwCF with CFRD may 
reflect broader diabetes-associated microbial shifts that extend beyond the lungs and 
could contribute to inflammatory signalling pathways relevant to both airway 
disease and metabolic dysfunction. 

In our microbiome analysis, colonisation with P. aeruginosa and overall bacterial 
load were comparable between pwCF with and without CFRD. Similarly, the 
number of observed taxa did not differ, and we did not detect clustering or shifts in 
Bray-Curtis dissimilarity. These findings contrast with the results of two previously 
published studies on pwCF with CFRD, which reported increased alpha diversity in 
one study and distinct microbial community structures in two studies (255, 273). A 
key methodological difference is the lung function profile of the study populations: 
in our cohort, both the NGT and CFRD groups exhibited higher overall lung 
function than those described in prior studies. 

Given that alterations in the airway microbiome are well documented in pwCF with 
declining lung function, this discrepancy likely reflects differences in disease 
severity rather than the presence of CFRD alone. Supporting this interpretation, we 
identified significant correlations between beta diversity and both FEV1pp and 
IL-1β, indicating that lung function and airway inflammation exert stronger effects 
on microbial community composition than CFRD status per se. 

A major strength of Paper I and II is the use of modern, highly detailed analytical 
techniques. In both studies, we employed methods capable of capturing the full 
depth of the sputum proteome and airway microbiome, enabled by a bottom-up 
proteomics workflow combined with data-independent acquisition (DIA). For the 
microbiome analyses, we applied robust data-cleaning pipelines and 
machine-learning–based approaches, allowing for sensitive detection of bacterial 
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taxa even at low abundance. Cytokine quantification was performed using the Meso 
Scale Discovery platform, which reduces hands-on pipetting steps and dilution 
errors, thereby improving precision. Furthermore, sputum handling procedures in 
our laboratory follow well-established and validated protocols, ensuring high 
sample integrity. 

Paper I contribute entirely new data to the field, while Paper II builds upon two 
previously published datasets, which have reported conflicting results. Our 
integrated approach therefore provides important clarification and adds 
methodological strength to existing findings. 

The main limitations of Paper I and II include the single-centre design and the 
relatively small sample sizes, which may reduce generalisability. In addition, the 
CFRD cohort exhibited substantially lower lung function, which complicates 
interpretation of disease-specific effects independent of lung function decline. 
While lung function decline is part of the clinical presentation of CFRD, it highlights 
the difficulty in separating inflammatory and microbiome alterations driven 
specifically by CFRD from those arising secondary to impaired lung function. 
Further studies with larger well-phenotyped cohorts and longitudinal design would 
be required to clarify the specific contributions of CFRD to airway inflammation. 
Paper II also included an unintentional overrepresentation of male participants, 
which may have introduced sex-related bias. 

As the effects of ETI on airway physiology still are not fully understood, 
longitudinal assessments following ETI initiation would provide important insights 
into how CFRD modifies both the airway microbiome and local inflammatory 
responses. 

The lung function dilemma in CFRD 
CFRD and lung function are closely intertwined, and reduced lung function in 
individuals with CFRD was already reported by Lanng et al. in 1992 (155). 
Although several studies suggest that lung function decline may begin early in the 
dysglycaemic state, the evidence remains inconsistent. In both Paper I and Paper II, 
we faced the challenge that our CFRD cohort exhibited markedly lower lung 
function compared with the non-diabetic group. To minimise the potential 
confounding effect of lung function in paper I, we applied lung function–matched 
pair analysis, whereas in Paper II we used multiple linear regression adjusting for 
FEV1pp. However, because CFRD and declining lung function are so tightly linked, 
adjusting for lung function risks controlling for a clinically meaningful component 
of the disease process itself. This raises the classic “chicken-or-egg” question: does 
dysglycaemia drive lung function decline, or does worsening lung disease 
precipitate metabolic deterioration? 
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To further address this question, we conducted a retrospective longitudinal study 
using data from the Swedish CF Registry. In the cross-sectional analyses, we 
confirmed that individuals with CFRD consistently exhibited lower lung function 
compared with those without diabetes. However, we did not observe a difference in 
lung function between NGT and IGT based on OGTT categories. As in our 
cross-sectional findings, the systematic review by Iwanicki et al. detected no lung 
function differences between IGT and NGT groups, but reaffirmed that CFRD is 
associated with lower lung function in individuals with CF (274). Conversely, Lavie 
et al. and Patel et al. reported that individuals with CF and IGT displayed markedly 
reduced lung function relative to those with NGT (275, 276).  

In the longitudinal analysis, the results from our cross-sectional observations were 
confirmed with decreased lung function in CFRD but no difference between NGT 
and IGT. Importantly, across the three-year follow-up, the trajectory of lung 
function decline was comparable among individuals with NGT, IGT, and CFRD.  

Our observations in the longitudinal study are in line with those of Rakotoarisoa et 
al. who demonstrated no association between 2-hour OGTT glucose levels and lung 
function decline in a 5-year prospective study (277). Similarly, Boudreau et al. 
observed that elevated 1-hour OGTT glucose values were not linked to either lower 
baseline lung function or the subsequent rate of decline during a four-year follow-up 
(278). Further support comes from Reynaud et al., who found no association 
between glucose patterns derived from fasting and 2-hour OGTT values and 
FEV1pp in children, and no association between 1-hour glucose patterns and 
FEV1pp in adults. However, they did identify a significant decline in FEV1pp over 
time among adults with high and increasing 2-hour glucose patterns compared with 
those displaying low and stable 2-hour glucose patterns (279).  

In summary, our findings align well with the existing literature. However, in our 
earlier pilot study, we observed differences between NGT, IGT, and CFRD groups 
similar to the patterns reported by Lavie et al. and Patel et al (170, 275, 276). One 
contributing challenge is the uneven group sizes: both our cohort in Paper III and 
that of Patel et al. included markedly unbalanced numbers across glucose-tolerance 
categories. In the study by Lavie et al., an additional limitation was the unequal 
genetic background among participants in the different groups, which may have 
influenced the observed outcomes. 

Another limitation is that glycaemic status defined by OGTT may be an imprecise 
method. Studies using CGM as a screening tool for CFRD may be more sensitive 
for detecting early dysglycaemia. In our previous work, we observed that CGM 
values exceeding 8 mmol/L correlated with glucose levels at 30, 60, and 90 minutes 
during the OGTT, but not with the 120-minute measurement, in paediatric patients 
with CF (170). Moreover, we found a significant decline in FEV1pp among 
paediatric patients with CF undergoing CGM, with those experiencing ≥0.5 daily 
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peaks of interstitial glucose above 11 mmol/L showing worse lung function than 
those with fewer peaks. 

Similarly, although Rakotoarisoa et al. reported no association using standard 
OGTT metrics, they did identify a significant decline in FVC and FEV1pp 
associated with increases in CGM-derived AUC > 7.8 mmol/L, further supporting 
the notion that CGM may capture early dysglycaemia more effectively than OGTT 
(277).  

A further limitation of our study is the lack of mid-OGTT glucose values in the 
Swedish CF Registry, which prevented us from identifying individuals with 
indeterminate glycaemia (INDET). INDET is defined as fasting glucose < 7 mmol/L 
and a 2-hour OGTT glucose < 7.8 mmol/L, but with at least one intermediate OGTT 
value (30, 60, or 90 minutes) ≥ 11.1 mmol/L (244). This category represents a 
pre-diabetic metabolic state positioned between IGT and CFRD and may capture 
individuals with early, intermittent post-prandial dysglycaemia that is not reflected 
in the standard OGTT endpoints. 

Emerging evidence suggests that this intermediate phenotype may hold clinical 
relevance. Coriati et al. reported that although broader IGT groups may not show 
differences in pulmonary outcomes, specific subgroups - including those classified 
as INDET - can exhibit reduced lung function comparable to individuals with newly 
diagnosed CFRD (280). Their findings raise the possibility that INDET may 
represent an early stage of CFRD-related metabolic decline with potential 
respiratory consequences. The absence of mid-OGTT data in our dataset therefore 
limits our ability to detect this subgroup and may lead to an underestimation of the 
true impact of early dysglycaemia on lung function in CF. 

A key strength of this study is its population-based approach. The initial cohort 
comprised all individuals listed in the Swedish CF Registry, which captures 
approximately 95% of the national CF population (6). The final cohort of 411 
participants therefore represents more than half of all Swedish pwCF (around 800), 
supporting the robustness and external validity of our findings. 

Overall, we were unable to conclusively answer the longstanding “chicken-or-egg” 
question regarding whether dysglycaemia or lung function decline occurs first. This 
highlights the need for larger, well-designed longitudinal studies and reinforces the 
importance of early detection with more sensitive tools like CGM and LCI, as well 
as continuous monitoring of dysglycaemia in CF. 
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ETI treatment and its impact in CFHBI 
During my PhD studies, ETI became available in Sweden in December 2022. By 
that time, ETI therapy had already been accessible in many European countries for 
more than eighteen months. Because of this delayed national introduction, Swedish 
studies evaluating the clinical effects of ETI on the course of cystic fibrosis 
developed later than those in other countries. This created a need to focus on 
research questions that had not yet been thoroughly explored elsewhere. 

Within this context, we decided to concentrate our research on cystic fibrosis 
hepatobiliary involvement (CFHBI) and on liver elastography, a diagnostic method 
that our group had previously studied (229). This focus allowed us to address 
clinically relevant knowledge gaps and to build on our earlier methodological 
experience. 

In Paper IV, we evaluated the effect of ETI therapy on 2D shear wave liver 
elastography. Our findings demonstrated an overall reduction in liver stiffness 
measurements following the initiation of ETI. Notably, this decline was significant 
among the twelve patients with pre-existing CFHBI, indicating that ETI may have 
a particularly beneficial impact on those already exhibiting hepato-biliary 
involvement. 

Liver elastography represents a key non-invasive modality for monitoring CFHBI 
and is included in the latest updated guidelines as part of recommended follow-up 
(281). Moreover, it has been proposed as a useful monitoring tool for assessing 
treatment response to ETI (83). 

At our CF centre, we have performed annual liver elastography using 2D shear wave 
elastography (2D SWE) in paediatric patients since 2018. The observed reduction 
in liver stiffness following ETI initiation aligns with the recently published findings 
by Terlizzi et al. (282). In their cohort of 27 children with CF aged 6–12 years, they 
similarly reported an overall decline in liver stiffness, with a significant reduction 
specifically in patients with established CFHBI. 

Comparable results have also been described in older populations. Calvo et al. 
examined 55 individuals with CF and demonstrated a significant overall decrease in 
mean liver stiffness after six months of ETI therapy. Notably, among patients with 
baseline liver stiffness ≥5 kPa, a measurable decline was already evident after just 
one month of treatment (283). Another study in adults reported a significant 
reduction in liver stiffness after a median of 21 months ETI treatment among 14 
participants with elevated stiffness (>6.8 kPa) prior to therapy, although no 
corresponding changes were observed in liver enzymes or non-invasive fibrosis 
indices (284). Recently, a study from Greece was published with an even longer ETI 
treatment period, with a median of 39 months. This study confirmed our findings 
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over a longer observation period, showing that liver stiffness declined in the overall 
cohort and also in CFHBI patients (285). 

In contrast, Schnell et al. reported an increase in liver stiffness after six months of 
ETI therapy in a prospective cohort of 20 individuals with CF, comprising 10 
participants younger than 20 years and 10 older than 20 years (286). These studies 
were based on relatively small cohorts, underscoring the need for further research 
in larger populations to better clarify the impact of ETI on liver stiffness. 

In the early phase of ETI introduction, transient elevations in liver enzymes were 
reported in paediatric CF patients (76). In our cohort, however, liver enzyme values 
remained within the normal range both before and after ETI initiation, although we 
noted a slight increase in GGT and a decrease in AST among individuals with 
CFHBI. A systematic review by Moiceanu et al. similarly described heterogeneous 
findings regarding liver function tests following ETI initiation, highlighting that 
biochemical responses vary across studies (238). 

The effects of ETI on CF-related liver physiology are not yet fully understood, and 
several potential mechanisms may be involved. One possibility is that ETI improves 
biliary flow by enhancing CFTR function in the biliary epithelium, thereby reducing 
cholestasis. Additionally, ETI may attenuate systemic and hepatic inflammation, 
which in turn could positively influence liver stiffness and biochemical markers. 
Further mechanisms, such as improved nutritional status, reduced hepatocellular 
stress, or indirect metabolic effects, may also contribute, underscoring the need for 
more detailed mechanistic studies. 

The strengths of our study include the focus on a paediatric cohort within the age 
range in which CFHBI typically begins to manifest, allowing us to capture early 
hepatic changes relevant to disease development. All participants were of school 
age, exhibited pancreatic insufficiency, and the cohort demonstrated a balanced sex 
distribution, enhancing the internal comparability of the group. Another notable 
strength is the long-standing implementation of 2D SWE at our centre. This 
technique has been used routinely since 2018, meaning that the investigators are 
highly experienced, and serial measurements spanning more than five years were 
available for analysis. This consistency in methodology enhances the reliability of 
our elastography measurements and minimizes variability related to operator 
dependency. 2D SWE is integrated into the ultrasound system and provides 
real-time, two-dimensional elasticity mapping with direct visual control, which 
improves the validity of liver stiffness assessments. In addition, 2D SWE is less 
operator-dependent and has a higher applicability rate than conventional transient 
elastography (287).  

However, the study also has important limitations. The retrospective design limits 
control over both the timing and the completeness of data collection. The cohort was 
relatively small, largely due to missing assessments and the transition of adolescents 
to the adult CF unit, where 2D SWE surveillance was not continued, resulting in 
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gaps in longitudinal follow-up. These factors may reduce the generalisability of the 
findings and lower the statistical power to detect more subtle or gradual changes in 
liver stiffness. Furthermore, liver enzyme measurements in CF are under debate and 
have relatively low sensitivity for detecting early hepatic involvement. More 
advanced biomarkers like aspartate aminotransferase to platelet ratio index (APRI) 
or Fibrosis-4 index, could provide a more nuanced assessment of liver health and 
strengthen the interpretation of our elastography results (288). 

To strengthen the evidence base, larger prospective long-term longitudinal studies 
are required. Such studies are essential to establish robust reference values for liver 
stiffness in pwCF, define the expected developmental trajectory of liver stiffness, 
and clarify how ETI influences the natural history of hepatic involvement across the 
lifespan. 
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Conclusion and further perspectives 

Paper I focuses on airway inflammation in CFRD. In this study, we were able to 
demonstrate, for the first time, a distinct airway proteomic profile in individuals 
with CFRD, characterised by an overexpression of prothymosin α and elevated 
concentrations of inflammatory mediators such as IL-1β, IL-8, and NE. These 
findings highlight potential biomarkers and therapeutic targets relevant to the 
management of CFRD-associated lung disease. Notably, IL-8, IL-1, and NE are 
already recognised treatment targets, and several therapeutic agents directed against 
these inflammatory pathways are currently in development and progressing toward 
clinical application. 

Looking ahead, a more personalised precision-medicine approach for individuals 
with CFRD may become feasible, with the potential to positively affect not only 
airway inflammation but also broader systemic inflammatory and metabolic 
processes. Prothymosin α may function as a genetic modifier for CFRD, offering 
promise as an early biomarker for identifying individuals at increased risk of 
developing CFRD and CFRD-associated lung disease. Earlier detection, combined 
with proactive monitoring and optimised glycaemic control, could slow disease 
progression and ultimately improve long-term outcomes and quality of life. 

Paper II focuses on the airway microbiome in individuals with CFRD. We observed 
a tendency towards greater dysbiosis and reduced microbial diversity in the airways 
of those with CFRD.  

The enrichment of Escherichia/Shigella in the CFRD airway microbiome - together 
with previous reports linking Escherichia/Shigella to diabetes through a gut–
pancreas axis - supports the idea that inflammation, microbiome composition, and 
metabolic changes are closely interconnected. By examining both the gut and airway 
microbiomes and applying targeted probiotic treatments, it may be possible to 
restore a more balanced microbial community, achieve improved glycaemic control, 
and potentially slow disease progression. Recent clinical trials and meta-analyses in 
type 1 and type 2 diabetes further show that probiotic supplementation can modestly 
improve glycaemic parameters such as HbA1c and fasting plasma glucose, although 
the magnitude of effect varies (289, 290). Strains of Lactobacillus and 
Bifidobacterium were often used in these studies. Probiotics could act via diverse 
mechanisms, such as reducing overall inflammation and oxidative stress, enhancing 
β-cell function, and GLP-1 secretion (291). The role of probiotics in CF has been 
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discussed in several studies, and there is evidence that they could improve 
pulmonary function, decrease pulmonary exacerbation, and have a positive impact 
on gastrointestinal health, but to date there is no published study investigating the 
effect of probiotics in CFRD (292, 293). A multicentre, randomized controlled trial 
would be valuable for clarifying the potentially beneficial effects of probiotics in 
CFRD. 

Paper III examined the progression of lung function in individuals with CFRD. We 
observed an overall lower lung function in those with CFRD compared with 
individuals who had CF and impaired glucose tolerance or normal glucose 
regulation. However, over the three-year retrospective observation period, we did 
not detect a steeper rate of lung function decline in individuals with CFRD 
compared with those with impaired glucose tolerance or normal glucose regulation. 

Lung function decline and CFRD are closely interconnected. Because loss of lung 
function is the most critical complication in CF and ultimately leads to respiratory 
failure, understanding the timing and pattern of lung function decline in CFRD is 
essential for prevention. More sensitive monitoring tools, such as the lung clearance 
index, may improve the detection and characterization of early lung function 
changes in CFRD. Another methodological challenge is the early identification of 
dysregulated glycaemia. The current “gold standard,” the OGTT, may not 
adequately capture early postprandial glucose peaks. Integrating lung clearance 
index measurements with continuous glucose monitoring (CGM) could represent a 
promising strategy for earlier and more precise detection of disease progression.  

Paper IV investigated the impact of ETI on liver stiffness. In our paediatric cohort, 
we observed a decrease in liver stiffness following the initiation of ETI therapy. 
Notably, individuals with CFHBI also showed a reduction in liver stiffness after 
starting ETI, and we did not observe any negative effects of ETI on liver enzyme 
levels. 

The role of ETI in managing extra-pulmonary complications of CF remains under 
discussion but is gaining increasing relevance as the CF population ages.  

In this study, we investigated the course of liver stiffness exclusively in paediatric 
patients, an age group in which CFHBI often first becomes apparent. Extending 
these analyses to adults with more established CFHBI after initiating ETI over a 
longer observation period would be valuable in determining whether ETI can still 
modify more advanced hepatic involvement. 

Our study provides conclusions only regarding liver stiffness, which represents just 
one parameter used to monitor CFHBI. Including additional outcome measures to 
assess the effects of ETI on CFHBI would allow for more comprehensive 
interpretations. Combining liver elastography with biomarkers of liver fibrosis, such 
as the aspartate aminotransferase-to-platelet ratio index (APRI) or the fibrosis-4 
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score (FIB-4), could offer a more robust assessment of hepatic disease progression 
and treatment response. 

This thesis provides new insights into several understudied areas of CF, including 
CFRD-related lung disease and CFHBI in the era of modulator therapy. By 2036, 
CF care will likely be characterized by highly personalized treatment, with 
modulator therapies available to all individuals - including those living in Eastern 
Europe - and mRNA-based treatments accessible for people with class I variants. 
Improved management of the CFTR defect, together with broader implementation 
of newborn screening programs in CF - hopefully also in Sweden - has the potential 
to reduce CF-related complications and overall disease burden for future 
generations. 

However, individuals with CF who are currently in their twenties and thirties will 
age into a period where severe CF-related complications may still arise. This thesis 
may serve as a step toward more preventive care strategies addressing metabolic, 
inflammatory, and microbial health in the CF population. Such future approaches 
may involve modern biomarkers, probiotic therapies, and advanced screening for 
CF-related complications. 
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