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 1
Cystic fibrosis
Cystic fibrosis (CF) is an inherited autosomal recessive disease caused by loss-of-
function mutations in the cystic fibrosis transmembrane regulator (CFTR) gene.1 In the 
Netherlands, the incidence is 1:4750 live births.2 Absence or reduced function of CFTR 
leads to viscous, acidic mucus in the respiratory, reproductive and gastro-intestinal 
system.3 Life-expectancy improved largely during the last decades. A UK model predicted 
that a child born with cystic fibrosis will today live to be 50 years of age or more.4 
Currently, mortality and morbidity of patients with cystic fibrosis mostly results from 
chronic pulmonary infections by multiple micro-organisms including bacteria, fungi, 
and viruses which lead to chronic inflammation and progressive lung disease.4 Still, the 
mechanisms underlying chronic infection and inflammation leading to pulmonary failure 
remain not fully understood.5;6 Patients also suffer from exercise intolerance, which is 
negatively associated with morbidity and mortality.7;8 Although pulmonary function and 
nutritional status have been identified as important determinants of physical fitness 
in patients with CF,9-14 effects of other potential determinants, such as CFTR genotype, 
chronic inflammation and infection remain to be elucidated.

CFTR mutations
CFTR is a cyclic AMP (cAMP)-regulated chloride-selective ion channel, which is expressed 
at the apical membranes of epithelial cells. It regulates the composition of mucosal 
secretions.1 However, CFTR has also been suggested to be expressed by other cell types, 
such as immune cells.15-22 More than 1900 mutations have already been described.1;23;24 
CFTR mutations affect chloride ion transport and have been sub-classified in six different 
groups, according to the mutation severity and resulting phenotype (Table 1).1 The most 
common mutation in the northern European and North American populations, is a 
homozygous F508del mutation, which is a class II mutation and accounts for two-thirds 
of mutant alleles.4  
Mutations of class IV – VI are typically associated with a milder CF phenotype compared 
to class I – III. However, a wide phenotypical variance is still observed between patients 
with the same mutation.1

Respiratory infections in cystic fibrosis
Mutant CFTR disturbs ion transport across epithelial membranes, which results in an 
altered composition of the airway surface liquid and formation of viscous mucus that 
accumulates in the lungs. It lowers mucociliary clearance and activity of anti-microbial 
peptides, which impairs elimination of pathogens.32-34 CF patients are infected with 
multiple micro-organisms, but chronic bacterial infections are the main contributors 
to progressive lung disease.4;35;36 The most common bacterial pathogen infecting the 
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lungs is Pseudomonas aeruginosa (P. aeruginosa), which is an opportunistic gram-
negative rod that ultimately infects up to 85% of CF patients.4;35;36 Chronic infections 
with P. aeruginosa associate with a decline in pulmonary function, increased morbidity 
and mortality37;38 and are known to be an important inducer of hyper-inflammation in 
patients with CF.5;6 The mechanisms that control chronic P. aeruginosa infection are 
intensely studied, however how mutant CFTR exactly leads to an impaired eradication 
of P. aeruginosa remains unclear.

Table 1: CFTR mutation classes

Mutation class Features

I Lack of or defective protein synthesis leads to no CFTR protein expression at the apical 
membrane, caused by nonsense, frameshift, RNA splice-type mutations or missense 
mutations, which changes the translation initiation codon (e.g. G542X).

II Abnormal processing and trafficking of the CFTR protein leads to reduced to no CFTR 
protein expression at the apical membrane (e.g. F508del).

III Mutations in this class affect the regulation of CFTR function by preventing ATP binding 
and hydrolysis at the nucleotide binding domains (NBD1; NBD2), which are required for 
channel activation. The amount of CFTR protein expressed at the apical membrane is 
normal, however the protein is non-functional (e.g. G551D). 

IV CFTR protein is normally expressed at the apical membrane, however chloride conductance 
is diminished (e.g. R117H).

V Reduced synthesis or trafficking of the CFTR protein leads to reduced, but functional, CFTR 
expression at the apical membrane (e.g. A455E). 

VI CFTR protein is expressed at the apical membrane and functional, but has a decreased 
stability (e.g. 2184-del-A).

Inflammation in subjects with cystic fibrosis
Accumulating pathogens activate local alveolar macrophages and epithelial cells that 
lead to recruitment of other immune cells, particularly neutrophils, into the infected 
CF lung. As pathogen acquisition is chronic, these neutrophils continuously release an 
array of anti-microbial products, such as reactive oxygen species (ROS) and proteolytic 
enzymes (elastase, cathepsin G and proteinase 3) that lead to tissue remodelling and 
finally to severe fibrosis.5 Increased levels of the pro-inflammatory interleukins (IL) IL1-β, 
IL-6, tumour necrosis factor alpha (TNF-α) and IL-8 are measured in peripheral blood 
and bronchoalveolar lavage fluid, whereas levels of the anti-inflammatory cytokine IL-
10 are decreased.5;6 Even in absence of clinically detectable infections, patients with CF 
display a hyper-inflammatory phenotype.5

In addition to high microbial pressure, an increasing number of studies suggest that 
CFTR deficiency in leukocyte subsets also contributes to the inflammatory disbalance 
in patients with CF. Upon stimulation with pathogen-derived products neutrophils, 
alveolar macrophages and lung epithelial cells of patients with CF produce more pro-
inflammatory mediators and related products compared to healthy controls.5;6
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The underlying mechanisms leading to hyper-inflammatory responses of CFTR-deficient 
cells are still not clear. Baseline activity of the transcription factor nuclear factor-κB (NF-
κB) is increased in epithelial cells of subjects with CF and CFTR-deficient mice, which 
has been linked to increased pro-inflammatory cytokine production.39-42 Additionally, 
defective CFTR is also associated with decreased peroxisome proliferator-activated 
receptor γ (PPAR-γ) activity in mice and subjects with CF, which may lead to aberrant 
NF-κB function as well.43 

Exercise and physical fitness in patients with cystic fibrosis 
Patients with CF suffer from exercise intolerance, which is negatively associated with 
pulmonary function,9-14 nutritional status9-12 and daily physical activity levels.25;26 In other 
chronic inflammatory diseases exposure to circulating pro-inflammatory mediators, 
such as TNF-α, IL-6, CRP and sphingomyelinase, has been related to muscle weakness.27 
Whether these parameters also associate with physical fitness in patients with CF 
remains to be elucidated. CRP levels have been shown to negatively associate with the 
exercise capacity in CF,28 but effects of surrogate markers for chronic inflammation and 
infection, such as total leukocyte of immunoglobulin G (IgG) levels or colonization with 
P. aeruginosa have never been investigated.
Since patients with CF suffer from exercise tolerance9-14;25;26 and exercise capacity has 
been identified as an independent predictor of morbidity and mortality,7;8 patients 
are encouraged to engage in regular physical exercise. Regular physical exercise may 
improve exercise capacity, skeletal muscle strength, quality of life and pulmonary 
function by enhancing mucociliary clearance and reducing residual volume in adults 
and children with CF.29;30 However, large heterogeneity is observed among exercise 
training-induced effects, which may be related to the high diversity of exercise training 
programs that have been used.29;30 Furthermore, adherence to the prescribed physical 
exercises is often low, particularly in adolescents with CF, which may also contribute to 
variable results.30 Whether differential exercise training responses can be expected in 
patients with differential baseline characteristics, such as pulmonary function, exercise 
capacity, habitual physical activity levels, inflammation and infection status is unknown. 
Improvements may not be expected for example in young patients with an optimal 
physical fitness or patients with an advanced disease status, which may hamper them 
to improve from regular exercise.

Exercise and immune function in cystic fibrosis
Numerous studies have shown that exercise affects the immune system. A single exercise 
session leads to immune activation, indicated by transiently enhanced circulating 
levels of cytokines, chemokines and leukocytes with an activated phenotype.44 Regular 
moderate aerobic exercise is associated with a reduced disease incidence, such as 
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atherosclerosis, obesity, certain cancers and viral infections.44;45 Furthermore it has 
been shown to limit inflammation in diseases associated with low-grade inflammation 
(e.g. obesity, chronic heart failure, atherosclerosis, diabetes). Patients with CF may 
also benefit from these exercise-induced immune modulations, by reducing chronic 
inflammation and bacterial infection susceptibility. Previous studies already showed 
that a single exercise session induced higher increases in pro-inflammatory cytokine 
levels in patients with CF compared to age-matched healthy controls, which also 
remained higher for a longer time, suggesting that already existing inflammation may 
be aggravated. Increases in leukocyte levels were however comparable.46;47 Whether 
regular moderate exercise may also reduce chronic inflammation and bacterial infection 
susceptibility in patients with CF remains to be investigated.
Chronic pulmonary infections with P. aeruginosa are still a major problem in patients 
with CF, resulting in chronic inflammation and severe progressive lung disease. Patients 
suffer from a reduced exercise capacity, which is negatively associated with morbidity 
and mortality. Regular exercise has been described to be a modulator of immune 
function and may potentially reduce chronic inflammation and respiratory infections 
with P. aeruginosa in patients with CF as well. 

Figure 1: Associations between physical fitness, CFTR function, infection and inflammation, which 
are described in this thesis

Physical Fitness

CFTR Function

Infection & Inflammation

Cystic Fibrosis

In this thesis we investigated the association between exercise, infection and inflamma-
tion (Figure 1). We discuss whether the immune modulating effects of exercise, which 
have been described in healthy individuals and individuals with other chronic inflam-
matory disease, might be of potential value for patients with CF. Additionally, regular 
exercise has been described to reduce viral infection susceptibility. We investigated if 
pulmonary bacterial infection susceptibility may also be affected. Furthermore, it was 
examined whether markers of chronic infection and inflammation affect exercise capac-
ity and responses to regular physical exercise. Moreover, we investigated the role of 
CFTR in innate immune defence against P. aeruginosa. 
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AbstrAct

Regular exercise is positively associated with health. It has also been suggested to 
exert anti-inflammatory effects. In healthy subjects, a single exercise session results in 
immune cell activation, which is characterized by production of immune modulatory 
peptides (e.g. IL-6, IL-8), a leukocytosis and enhanced immune cell functions. Upon 
cessation of exercise, immune activation is followed by a tolerizing phase, characterized 
by a reduced responsiveness of immune cells. Regular exercise of moderate intensity 
and duration has been shown to exert anti-inflammatory effects and is associated with 
a reduced disease incidence and viral infection susceptibility. Specific exercise programs 
may therefore be used to modify the course of chronic inflammatory and infectious 
diseases such as cystic fibrosis (CF).
Patients with CF suffer from severe and chronic pulmonary infections and inflammation, 
leading to obstructive and restrictive pulmonary disease, exercise intolerance and 
muscle cachexia. Inflammation is characterized by a hyper-inflammatory phenotype. 
Patients are encouraged to engage in exercise programs to maintain physical fitness, 
quality of life, pulmonary function and health. 
In this review, we present an overview of available literature describing the association 
between regular exercise, inflammation and infection susceptibility and discuss the 
implications of these observations for prevention and treatment of inflammation and 
infection susceptibility in patients with CF. 
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introduction

Physical fitness is correlated with life expectancy in an intensity-dependent fashion, 
both in health and disease.1;2 Regular exercise is important for preserving muscle 
strength and function, cardiorespiratory fitness and quality of life.1;2 To promote and 
maintain health, healthy adults are encouraged to engage in aerobic exercises of 
moderate intensity for a minimum of 30 minutes a day, 5 days a week, or vigorous 
aerobic exercises for a minimum of 20 minutes a day, 3 days a week.2 Moderate aerobic 
exercise is defined as exercise, which noticeably accelerates heart rate and requires 
3.0 to 6.0 metabolic equivalents (METs) (e.g. slow cycling, brisk walking or swimming), 
whereas vigorous aerobic exercise requires more than 6.0 METs and causes rapid 
breathing and a substantial increase in heart rate (e.g. running fast, swimming laps, 
singles tennis).2 Since the intensity of an exercise depends on an individual’s previous 
exercise experience and their relative level of fitness,2 these exercise prescriptions 
might differ in intensity for patients with a chronic disease.
Exercise has been described to affect disease incidence by modulating the immune 
system.1;3-6 The immune modulatory effects of exercise and the underlying mechanisms 
remain however poorly studied.1;3-6 Inflammatory responses appear to depend on the 
duration and intensity of the exercises.1;3-6 In healthy individuals regular aerobic exercise 
of moderate intensity and duration is associated with reduced disease incidences 
including metabolic diseases (e.g. obesity, type II diabetes mellitus), pulmonary 
diseases (e.g. asthma, chronic obstructive diseases), infectious diseases (e.g. viral upper 
respiratory tract infections), certain cancers (e.g. breast, colon, prostate cancer) and 
musculoskeletal disorders (e.g. rheumatoid arthritis).1;4 Furthermore, regular aerobic 
exercise has been shown to limit inflammation in diseases associated with low-grade 
inflammation (e.g. obesity, chronic heart failure, atherosclerosis, diabetes).1;3;4;6-10 
The opposite effect has been observed for vigorous exercise.1;3;4;6-10 These studies 
highlight that specific exercise programs may be used to modify the course of chronic 
inflammatory diseases. 
Patients with cystic fibrosis (CF) suffer from chronic infections and severe inflammation, 
which lead to progressive pulmonary disease.11-13 CF is caused by genetic mutations in 
the Cystic Fibrosis Transmembrane conductance Regulator (CFTR) gene that encodes for 
an ATP-regulated ion-channel, which is expressed in many tissues.11-13 Patients with CF 
suffer from a reduced exercise capacity, of which pulmonary function, nutritional status 
and chronic inflammation are important determinants.14-20 Thus far, no curative therapy 
is available for CF disease and infections and inflammation are controlled by antibiotics 
and occasionally immune suppressive drugs.11;12

In this review, we present an overview of available literature describing the association 
between exercise, inflammation and infection susceptibility. Over the past years, novel 
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molecular pathways have been uncovered that may connect exercise to immune 
modulation. We discuss how these findings may be related to patients with CF who 
are encouraged to engage in physical exercises to maintain physical fitness, quality 
of life, sputum clearance, pulmonary function and health.21 Fine-tuning of prescribed 
exercise programs in patients with CF with regard to exercise intensity, intervals, volume 
and timing (disease state) in relation to exercise-induced inflammatory responses may 
further improve quality of life, physical fitness and life expectancy of patients with CF. 

exercise-relAted immunologicAl resPonses in heAlthy 
individuAls

Immune activation by a single exercise session
A single exercise session induces a transient increase in circulating leukocytes numbers, 
which is dependent on the intensity and duration of the exercise session.4 Leukocytes 
are likely mobilized from the marginal pools such as the spleen, lymphatics and blood 
vessel walls.4 Recently, it was shown in a rat model that exercise also recruits immune 
cells from peripheral tissues such as lung and skeletal muscle.22 Both innate and adaptive 
immune cells in peripheral blood acquire an activated phenotype during exercise. 
This is indicated by increased percentages of inflammatory CD14+CD16+ monocytes, 
CD56bright NK cells, activated T lymphocytes as well as memory B cells and plasma cells.4 
This may either represent direct activation by immune stimulatory factors or selective 
recruitment of activated cells towards peripheral blood.4

A single exercise session also induces a systemic release of immune modulatory peptides 
that is dominated by interleukin (IL)-6 and followed by a less marked increase of other 
cytokines, such as IL-10, IL-8 and the IL-1 receptor antagonist (IL-1ra).7;23 Cellular sources 
for these cytokines are immune cells, fat tissue (adipokines), the liver7;23;24 and skeletal 
muscles (myokines).23;25

The soluble mediators released during a single exercise session play a role in energy 
metabolism, but also impact the transcriptional profile of leukocytes.26-28 Exercise-
associated inflammatory monocytes show increased expression of toll-like receptor 
(TLR)-2 and -4.4;29 Furthermore, post-exercise, increased gene expression of mediators 
(e.g. IL-6, IL-8) and receptors (e.g. IL-6 receptor antagonist, CD14, IL-17 receptor, Fc 
receptors such as CD32 and CD16) was observed in leukocytes, whereas other receptors 
were found to be down-regulated (major histocompatibility complex I and II).26-28 
Collectively, these profiles indicate that leukocytes are intrinsically altered by exercise, 
which may lead to changes in innate and adaptive immune effector mechanisms.26-28

A single exercise session is associated with improved innate immune functions, 
indicated by an increased phagocytic capacity and production of reactive oxygen 
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species by peripheral blood neutrophils and monocytes.4 Whether these changes result 
from preferential recruitment of activated cell populations into peripheral blood or due 
to intrinsic changes remains questionable.4 Furthermore, exercise is associated with 
changes in adaptive immunity, indicated by changes in immunoglobulin levels. A modest 
increase in salivary immunoglobulin A (sIgA) and peripheral blood IgM levels is observed 
independent of changes in B and T lymphocyte levels.4 High sIgA levels are associated 
with a lower upper respiratory tract infection (URTI) frequency.4 Other antibodies, such 
as peripheral blood IgG, show contrary results upon an exercise stimulation.4 
In summary, these results show that a single exercise session induces immune system 
activation. It evokes a leukocytosis, dominated by cell subsets with an activated 
phenotype, and the release of mediators such as cytokines and chemokines. These may 
impact immune effector functions, such as defence mechanisms against pathogens, by 
direct activation or indirectly by modulation of gene expression (Figure 1, left upper 
panel). 

Post-exercise immunological tolerance
Leukocyte and cytokine levels return to normal within a few hours after terminating 
the exercise session.4 Intense exercise results in higher peripheral blood leukocyte 
and cytokine levels, but is also associated with a reduction of leukocyte numbers after 
cessation of the exercise session.4 During this resolution phase, the threshold for immune 
activation appears to be higher.3;4;7;30 It has been observed that toll-like receptors (TLR) 
-1, -2, -3 and -4 and human leukocyte antigens (HLA)-DR expression were reduced in 
monocytes.3;30 Furthermore, other reports show reduced phagocytosis by neutrophils,4 
lower TLR-induced cytokine production3;7 and reduced MHC II expression and antigen 
presentation capacity in mouse macrophages post-exercise.3

Immune tolerance has also been observed after systemic immune activation by trauma, 
sepsis or surgery. It is likely caused by mediators, such as catecholamines, which are 
released during stress.31-34 In vitro pre-incubation of immune cells with β-adrenergic 
agonists has been found to suppress LPS induced production of pro-inflammatory 
cytokines by macrophages.31-34 These data indicate that immune cells become 
immunologically tolerant after excessive inflammatory triggers, which can be induced by 
exercise. This physiological response is likely important to limit excessive inflammation, 
but might negatively host defence mechanisms (Figure 1, left lower pannel). 

Immune dampening induced by moderate regular exercise
Regular moderate aerobic exercise has been suggested to have anti-inflammatory 
effects.1;3-5 Furthermore, it limits immune activation induced by a single exercise 
session.29;35 Regular moderate exercise is associated with reduced circulating numbers 
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of CD16+ (inflammatory) monocytes, expression of TLR-4 in monocytes and increased 
circulating numbers of anti-inflammatory regulatory T cells (Tregs).3 In addition, Treg-
associated cytokine production was enhanced, whereas production of pro-inflammatory 
cytokines by immune cells, visceral fat tissue and skeletal muscles was reduced.1;3;7-9;29 
These observations together suggest that regular moderate exercise reduces a pro-
inflammatory state.
In conclusion, regular moderate exercise induces immune dampening. Immune cells, 
visceral fat and skeletal muscles adapt to exercise stimuli and produce lower amounts of 
pro-inflammatory modulators and increase production of anti-inflammatory products. 
Furthermore, circulating immune cells expressing lower levels of activation markers 
and immune cells which are associated with immune tolerance, such as Tregs, increase. 
These adaptations likely play a role in limiting clinical expression of diseases associated 
with inflammation (Figure 1, right panel). 

Exercise and infection susceptibility 
Besides the anti-inflammatory effects of regular moderate exercise, exercise also 
associates with upper respiratory tract infection (URTI) frequency and possibly other 
infectious diseases.4 Although only limited data have been published, moderate regular 
aerobic exercise appears to reduce infection susceptibility in animals36-39 and humans.40 
In contrast to moderate (regular) exercise, vigorous (regular) exercise is associated with 
an increased URTI susceptibility.4 In animals it was shown that a period of moderate 
regular exercise reduces viral load, inflammation, morbidity and mortality upon a viral 
infection.36-39 Recently, a large longitudinal cohort study in 1002 adults showed that 
during winter time the number of days with URTI and the symptom severity score were 
significantly lower in adults with a higher physical fitness level or exercise frequency, 
compared to adults with a low physical fitness level or exercise frequency.40

Since salivary IgA levels increase upon a single exercise session and relate to URTI 
frequency,4 it can be speculated that changes in URTI frequency induced by regular 
moderate exercise are related to changes in sIgA levels. However the causality of this 
association requires further investigation. It also remains unclear whether exercise-
associated URTIs are of infectious or inflammatory origin. Previous data showed that in 
subjects with exercise-associated URTI often no pathogens were found, supporting that 
exercise-related URTI can be caused by mechanically-induced inflammatory, rather than 
infectious, pathways.4 
Altogether, these results suggest that regular moderate exercise reduces infection 
susceptibility compared to high intensity exercise or being sedentary. It remains difficult 
to establish whether upper respiratory tract symptoms are of infectious or inflammatory 
origin. The impact of exercise on immune defence mechanisms against pathogens 
requires further investigation.
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Figure 1: Exercise related immune responses
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Molecular pathways that control exercise-induced inflammatory responses
Various pathways that are activated upon exercise to control the metabolic demand 
also have immune regulatory functions.1;41-44 Exercise is associated with activation of the 
sympathetic nervous system and the hypothalamic-pituitary-adrenal (HPA) axis, which 
results in release of pleiotropic mediators such as catecholamines, glucocorticoids, 
cytokines and chemokines. Collectively, these mediators regulate the changing 
metabolic demand elicited by exercise.45 
All lymphoid and myeloid cells express receptors for catecholamines and glucocorti-
coids.43;44 Induced cellular responses depend on the receptor repertoire expressed on a 
specific cell and the magnitude and duration of the catecholamine and glucocorticoids 
release.45 Catecholamines modulate leukocyte gene transcription via stimulation of 
β-adrenergic receptors,44 pro-inflammatory cytokine genes expression (e.g. IL-1β, IL-6 
and TNF-α) via activation of transcription factors such as CREB, GATA and nuclear factor 
kappa B (NF-κB).44 Furthermore, adrenergic stimulation leads to redistribution of innate 
immune cells between blood and tissues.44 However, excessive stimulation of the HPA-
axis or sympathetic nerve system, as observed by chronic stress, has been found to be 
immunosuppressive and lead to decreased immune effector functions and increased 
susceptibility to viral infection, prolonged wound healing and/ or decreased antibody 
production after vaccination.3;43 Such conditions may also be evoked by high intensity 
exercise.
In general, glucocorticoid signalling suppresses inflammatory responses. Glucocorticoids 
can lead to a reduction in immune cell activation markers and lymphocyte 
proliferation.3;43;44 Molecules involved in pathogen recognition (e.g. TLRs), antigen 
presentation (e.g. MHC-II) and adhesion (e.g. intracellular adhesion molecule 1) are 
down-regulated.43;44 Furthermore, pro-inflammatory cytokine expression is reduced 
via inhibition of NF-κB and AP-1 activity.46 Therefore, reciprocal regulation of NF-κB by 
catecholamines and glucocorticoids may play a crucial role in defining exercise-related 
immune responses. Glucocorticoids may restore the immune balance after a single 
exercise session via suppression of NF-κB activity, whereas catecholamines may activate 
the immune system during exercise via enhancing NF-κB activity (Figure 1, left upper 
and lower panel).
Peroxisome proliferator-activated receptor gamma co-activator 1 α (PGC-1α) is one 
of the key regulators of energy metabolism during exercise.1;41;47 PGC-1α regulates 
genes involved in mitochondrial biogenesis, mitochondrial oxidative metabolism, 
gluconeogenesis and GLUT-4 expression in skeletal muscle.41 Its expression is directly 
induced by an exercise-mediated increase of intracellular calcium levels41;48 and quickly 
returns to baseline levels after cessation of the exercise session (Figure 1, left upper 
and lower panel).1 Regular exercise induces a permanent increase in skeletal muscle 
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PGC1α levels (Figure 1, right panel),1 which lead to differentiation of myocytes towards 
a more oxidative phenotype.41 Additionally, PGC-1α has anti-inflammatory potential by 
negatively regulating NF-kB activity, which induces transcription of pro-inflammatory 
cytokines as has been demonstrated for IL-1β, IL-6 and TNFα.42;49 Animal models lacking 
PGC-1α in skeletal muscles have a lower endurance exercise capacity1;41 and an increased 
transcriptional induction of inflammatory genes.1 Moreover, activation of peroxisome 
proliferator activated receptor γ (PPARγ) in monocytes, which is a down-stream target 
of PGC-1α, skews these cells into alternative M2 macrophages.49 M2 macrophages 
produce cytokines, such as IL-10, transforming growth factor β (TGF-β) and IL-1 receptor 
antagonist (IL-1ra), which can dampen inflammation, whereas classical M1 macrophages 
have the capabilities to kill micro-organisms and produce pro-inflammatory cytokines.49 
The enhanced activity of the PGC-1α pathway, induced by regular exercise, may thus 
lead to a higher threshold for immune activation by negatively regulating NF-κB activity. 
These immune regulatory functions might also contribute to the anti-inflammatory 
effect of regular moderate exercise. 

cystic fibrosis

Inflammation in patients with cystic fibrosis
Currently, chronic pulmonary infections are the main contributor to mortality and 
morbidity in patients with CF. These infections are caused by multiple micro-organisms 
including bacteria, fungi, and viruses, which lead to chronic inflammation and 
progressive pulmonary disease.11-13 The most common bacterial pathogen infecting 
the lungs is Pseudomonas aeruginosa (P. aeruginosa), which ultimately infects up to 
85% of CF patients.11-13 Current literature suggests that chronic hyper-inflammatory 
responses in patients with CF are caused by multiple factors. Continuous stimulation 
of the immune system, due to impaired clearance of pathogens, and reduced anti-
bactericidal capacities of CFTR-deficient immune cells, both contribute to sustained and 
severe inflammation in patients with CF.50;51

When patients are clinically stable, an inflammatory profile is still observed. Increased 
levels of the pro-inflammatory interleukins (IL) IL1-β, IL-6, TNF-α and IL-8 are measured 
in peripheral blood and bronchoalveolar lavage fluid, whereas levels of the anti-
inflammatory cytokine IL-10 are decreased.50;51 These changes in cytokine levels are 
comparable to other chronic diseases, such as diabetes, obesity and atherosclerosis, 
which are characterized by low-grade inflammation and also show elevated levels of the 
cytokines IL-6, TNF-α and C-reactive protein (CRP).3

CFTR is an important regulator of cellular inflammatory homeostasis, and its absence has 
been found to be associated with increased NF-kB and decreased PPARγ activity.52 This 
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leads to chronic inflammation and excessive inflammatory responses to inflammatory 
stimuli in patients with CF.52 Since exercise-induced PGC-1α may limit NF-kB activity,42;49 
and increase PPAR-γ activity, regular training programmes in CF may restore the 
aberrations in NF-kB and PPAR-γ levels.

Exercise in cystic fibrosis disease
Patients with CF suffer from exercise intolerance and skeletal muscle atrophy. Physical 
fitness declines longitudinally during adolescence, resulting in a decreased exercise 
capacity of 20% at the age of 18 years old.20 Exercise intolerance in patients with CF is 
associated with reduced pulmonary function,14-20 nutritional status,14-17;20 daily physical 
activity levels,53;54 chronic infection20 and inflammation.20 Chronic exposure to circulating 
pro-inflammatory mediators, such as TNF-α, IL-6, CRP and sphingomyelinase, has been 
related to muscle weakness in chronic inflammatory diseases.55 TNF-α most strongly 
associates with muscle dysfunction, which has been attributed to a TNF-α induced loss 
of muscle mass and force.55 Inflammatory markers such as CRP and total IgG levels 
also negatively associated with exercise capacity in patients with CF.20;56 In adolescent 
patients with CF colonization with P. aeruginosa resulted in an exercise capacity decline 
of 4.60 %.20

Recently, it has been shown that CFTR is expressed at the sarcoplasmic reticulum of 
skeletal muscle and might contribute directly to exercise intolerance and muscle 
atrophy.57;58 This may explain why CFTR-/- mice are more vulnerable to muscle wasting 
and produce more myokines upon an infection with P. aeruginosa compared to CFTR+/+ 
mice.57 In addition, CFTR was found to modulate skeletal muscle calcium homeostasis, 
musclar tone and metabolic recovery.59 Furthermore, CFTR is important for ATP release 
by skeletal muscle upon reduction of intracellular pH in rats.60 These findings indicate 
a direct role for CFTR in skeletal muscle, however CFTR genotype and physical fitness 
associated inconsistently in subjects with CF.20;61;62 The exact role of CFTR in skeletal 
muscle therefore requires further research. 
Whether exercise can affect CFTR expression or CFTR function in skeletal muscle 
is unknown, but it has been shown that the nasal epithelial sodium channel (ENaC) 
is inhibited during a single exercise session in healthy controls and patients with CF, 
whereas nasal chloride conductance did not change.63;64 Inhibition of ENaC might 
facilitate mucus hydration by increasing mucus sodium levels and may therefore 
improve mucociliary clearance in patients with CF.63;64 An inhaled radio-labelled aerosol 
randomized controlled study indeed showed that 20 minutes of exercise at 60% of 
maximal oxygen consumption resulted in an enhanced sputum clearance of 4% from 
the whole lung, 5% from the intermediate airways and 8% from the periphery, which 
was assessed by comparing the reduction in radioactivity in a pre-set time, pre- and 
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post-exercise.65 This may be related to an increased activity of ENaC, but it has also 
been suggested that mucus clearance is enhanced mechanically. Increased ventilation, 
shear forces and body movements would facilitate movement of mucus from the lung 
periphery to the oropharynx.66

Patients with CF are encouraged to engaged in regular exercise, since the exercise 
capacity has been identified as an independent predictor of morbidity and mortality.20;67 
However, whether regular exercise can decrease morbidity and mortality in patients with 
CF remains controversial. Limited studies are available and results are inconsistent,21;68 
which is probably due to the different exercise training programs used. Furthermore, 
high variability in adherence to the prescribed exercises, which has been shown to be 
low particularly in adolescents with CF,65 may also contribute to variable results. 
Several studies, of which a panel was extensively reviewed in a Cochrane21 and 
systematic review,68 showed that physical exercise training can improve exercise 
capacity, strength, quality of life and pulmonary function by enhancing mucociliary 
clearance and reducing residual volume in adults and children with CF.21;68-72 Maximal 
oxygen consumption improved with 8.53 ml.kg-1.min-1 upon regular aerobic exercise in 
one randomized controlled trial,73 whereas another randomized controlled trial with 
3-years follow-up did not find any differences between the exercise and non-exercise 
group.74 Inconsistent results were found for pulmonary function as well, varying from 
no effect of regular exercise73;75 to a slower annual decline in pulmonary function during 
3 years follow-up in the exercise compared to non-exercise group.74 
Although exercise training induced inconsistent responses with regard to physical 
fitness and pulmonary function in patients with CF, individualized exercise training 
prescriptions in patients with CF, based on patient characteristics, such as baseline 
pulmonary function, exercise capacity, habitual physical activity levels, inflammation 
and infection status, would maybe helpful to establish favourable exercise-training 
induced effects. Although, it may also be possible that, at a certain point, disease 
deterioration may hamper patients with CF to improve from regular exercise.

Inflammatory responses to exercise in patients with cystic fibrosis 
A single exercise session also leads to immune activation in patients suffering from 
chronic inflammatory diseases (e.g. diabetes mellitus, chronic obstructive pulmonary 
disease), however it elicits an aggravated inflammatory response compared to healthy 
individuals,6 which may suggest that exercise above a certain threshold may also 
aggravate symptoms in these patients. Additionally, levels of inflammatory markers (e.g. 
IL-6) and leukocyte levels remained elevated longer compared to healthy individuals.6 
Only a few studies examined the effect of exercise on inflammation in patients with CF. 
These showed that a single exercise session caused elevations in leukocyte subsets in 
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children with CF similar to those found in healthy children.76;77 However, after a single 
exercise session higher TNF-α,78 TNF-α soluble receptor I,79 IL-6,78;79 and IL-6 soluble 
receptor79 levels were measured in children78 and adults79 with CF compared to healthy 
individuals, which remained higher for a longer period as well.78;79 These data suggest 
that a single exercise session in CF results in recruitment of cells with an activated 
phenotype, more predominantly than in healthy subjects (Figure 2, left panel). 

Figure 2: Effect of exercise in inflammation in patients with cystic fibrosis, possible mechanisms
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It can be hypothesized that a single exercise session in patients with cystic fibrosis leads to a more pronounced 
immune activation, since both a single exercise session and cystic fibrosis lead to immune activation. A single 
exercise session in healthy subjects also leads to improved immune effector functions, therefore improved anti-
bacterial immunity induced by exercise in patients with CF may also be hypothesized (left). Regular moderate 
exercise results in immune dampening and improved immune effector functions, which may therefore reduce 
chronic inflammation in CF and improve anti-bacterial defence mechanisms. 

Effect of single and regular exercise interventions in patients with other chronic 
inflammatory diseases (e.g. multiple sclerosis, chronic obstructive pulmonary disease, 
chronic heart failure, rheumatoid arthritis) have been reviewed. Ploeger et al. reported 
that a single exercise session might elicit inflammation, whereas regular exercise might 
dampen inflammation.6 However, effects appeared to be dependent on the type of 
disease, disease severity and intensity and duration of the exercise intervention used.6

Comparable to what is observed in healthy individuals, regular aerobic exercise has 
also been associated with reduced inflammatory conditions in patients with obesity, 
atherosclerosis, chronic heart failure, and coronary heart disease.1;3;4;6-10 However 
contradictory results, e.g. in patients with multiple sclerosis, were also observed.6 
Inconsistency of results is probably related to the type of disease, disease severity 
and intensity, and the duration of the exercise intervention used. In a mouse model 
of allergic pulmonary inflammation it was shown that regular exercise could dampen 
inflammation. Reduced levels of eosinophils, the murine IL-8 homologue (CXCL1; KC), 
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IL-4 and IL-5 in the pulmonary tissue and IgE in serum were measured.80;81 
In patients with CF only very few data are available describing the effects of regular 
aerobic exercise on inflammation.82;83 A short-term regular exercise program in clinically 
stable female children with CF had no effect on pulmonary inflammation markers as 
indicated by total cell numbers in sputum and cytokine analysis in exhaled breath 
condensates.82 However, another short-term regular exercise study showed that 
neutrophilic inflammation was reduced, indicated by reduced expression of CD11b 
(complement receptor 3), CD13 (aminopeptidase N), CD32 (low-affinity Fc γ chain 
receptor II), and CD35 (complement receptor 1).83 It remains unknown whether regular 
aerobic exercise has an effect on bacterial infection susceptibility in patients with CF. 
Immune modulation in CF aims to prevent immune-mediated damage to pulmonary 
tissue whilst retaining or enhancing anti-microbial activity. Long-term exercise-
induced effects have been proposed to decrease viral infection susceptibility in healthy 
individuals and animal models when exercise training is of moderate duration and 
intensity (Figure 2, right panel).4 However, moderate exercise programs in patients with 
CF may induce a physiological immune response comparable to high intensity training, 
due to the chronic inflammatory status in patients with CF. This may be different for 
individuals, and it may therefore be important to carefully monitor exercise programs 
for CF patients.
Furthermore, effects of regular moderate exercise on immune cell effector function and 
subsequent infection susceptibility remain unknown for these patients and needs to 
be addressed in long-term studies. Whether exercise modulates immune parameters 
and immune pathways that are modified in CF, such as NF-kB and PPARγ, should be 
investigated, which may be useful to give a more precise exercise prescription in 
patients with CF. 

conclusion

Patients with CF suffer from severe and chronic pulmonary infections and inflammation, 
leading to obstructive and restrictive pulmonary disease, exercise intolerance and 
muscle cachexia. Regular exercise has beneficial effects in patients with CF with regard 
to preservation or improvement of pulmonary function, exercise capacity, muscle 
strength, quality of life, morbidity and mortality.21;68 There is increasing evidence that 
exercise can modulate immune function in healthy persons and patients suffering from 
chronic inflammatory diseases, in an exercise-intensity-dependent fashion, of which 
patients with CF may also benefit. 
Immune modulation in CF aims to prevent immune-mediated damage to pulmonary 
tissue whilst retaining or enhancing anti-microbial activity. In healthy individuals, regular 
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moderate aerobic exercise has been shown to reduce inflammation and viral infection 
frequency. However, exercise of moderate intensity, established in healthy individuals, 
might exert different inflammatory responses in patients with chronic inflammatory 
conditions or when performed during active disease (e.g. pulmonary exacerbation). 
Physical fitness levels are often reduced in patients with a chronic disease. Since the 
intensity of an exercise depends on an individual’s previous exercise experience and 
relative level of fitness, exercise prescriptions should maybe be different for people 
with a chronic disease. Furthermore, exercise might induce differential inflammatory 
responses in subjects suffering from chronic infection and/or inflammation. Prescribed 
moderate exercise should therefore be individually assessed with regard to intensity, 
intervals, volume and timing (e.g. disease status). 
Published data already showed enhanced immune activation upon a single exercise 
session and a slower resolution phase post-exercise in patients with CF. These data 
suggest that a single exercise session may aggravate already existing inflammation and 
should therefore perhaps be discouraged during periods of active infection in patients 
with CF (e.g. pulmonary exacerbation). This should be investigated by a randomized 
controlled trial in patients with CF suffering from a pulmonary exacerbation by 
monitoring disease duration, sickness severity, inflammatory markers and immune cell 
function.
In patients with CF, regular moderate aerobic exercise may reduce pro-inflammation by 
increasing PGC1α activity that limits NF-kB and enhances PPARγ function. Furthermore, 
regular moderate aerobic exercise affects infection susceptibility in healthy individuals. 
Although, it remains unclear whether alterations of immune cell function are the 
causal link between exercise-induced changes in infection rate, these changes would 
be beneficial for patients with CF as well. However, inflammatory responses to 
regular aerobic exercise remain to be firmly established in CF and other comparable 
inflammatory diseases. 
In summary, more evidence is required to firmly establish which immunological 
parameters and pathways are regulated by (regular) exercise in patients with CF, how 
this relates to responses in healthy individuals, and how this will impact infection 
susceptibility. Better understanding of these mechanisms will be crucial for identifying 
patient-specific parameters that can be used to tailor individual exercise programs to 
optimize exercise-induced immune modulation. 
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AbstrAct

Pulmonary function and nutritional status are important determinants of exercise 
capacity in patients with CF. Studies investigating effects of determinants, such as 
genotype or infection and inflammation are scarce and have never been analyzed in a 
multivariate longitudinal model. 
A prospective longitudinal cohort study was performed to evaluate whether genotype, 
chronic inflammation and infection were associated with changes in exercise capacity. 
Furthermore, we investigated whether exercise capacity can predict clinical outcome. 
504 exercise tests of 149 adolescents with CF were evaluated. VO2max/kg%pred declined 
20% during adolescence and was associated with IgG levels and chronic P. aeruginosa 
infection. A lower exercise capacity was associated with a higher mortality, steeper 
decline in pulmonary function, and greater increase in IgG levels.
Since a decline in exercise capacity during adolescence was negatively associated with 
IgG levels and chronic P. aeruginosa infection, these data emphasize the importance 
of prevention and treatment of chronic inflammation and infections in patients with 
CF. Furthermore, a lower exercise capacity was associated with a higher mortality rate, 
steeper decline in pulmonary function and higher increase in IgG levels with increasing 
age in adolescents with CF. This stresses the value of regular exercise testing for assessing 
prognosis in adolescents with CF.  
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introduction

Exercise capacity has been identified as an independent predictor of mortality 
in patients with cystic fibrosis (CF).1-3 Regular measurement of maximal oxygen 
consumption (VO2peak) by a maximal cardiopulmonary exercise test (CPET) has therefore 
been emphasized as important in evaluating and assessing prognosis and disease 
management.4 Whether exercise capacity can be used as a prognostic marker for clinical 
outcomes other than mortality rate, such as pulmonary function, chronic inflammation 
and infection, is unknown. Previous studies showed that pulmonary function5-10 and 
nutritional status5-8 are important determinants of exercise capacity in patients with CF. 
Studies investigating effects of other potential determinants, such as the cystic fibrosis 
transmembrane regulator (CFTR) genotype or markers of infection and inflammation, 
are scarce and have never been analyzed in a multivariate longitudinal model. 
While the severity of the CFTR mutation (mild versus severe) is associated with 
pancreatic insufficiency, pulmonary function and survival,11;12 data on the effect of CFTR 
genotype on exercise capacity are scarce.13;14 It has been shown that CFTR is expressed 
at the sarcoplasmic reticulum of skeletal muscle.15;16 Deficiency of CFTR protein led to 
elevated intracellular calcium levels and enhanced expression of inflammatory genes, 
which predisposed to muscle wasting in mice.15 CFTR genotype might therefore be a 
potential determinant of changes in exercise capacity in patients with CF.
CF is a chronic inflammatory disease characterized by the recruitment of high numbers of 
neutrophils into the infected lungs and the excessive production of immune modulatory 
polypeptides. Increased levels of the pro-inflammatory interleukins (IL) IL1-β, IL-6, 
tumour necrosis factor alpha (TNF-α) and IL-8 are found, whereas levels of the anti-
inflammatory cytokine IL-10 are decreased.17 A study in adult patients with CF showed 
that higher C-reactive protein (CRP), total and specific immunoglobulin G (IgG) and total 
leukocyte levels were significantly associated with a decreased pulmonary function.18;19 
Another study showed that a change in CRP level was negatively associated with 
exercise capacity, but the effect of CRP level on exercise capacity was never investigated 
in a multivariate model.20 
Chronic infections with P. aeruginosa are associated with a decline in pulmonary 
function, increased morbidity and mortality21;22 and are known to be an important 
inducer of hyper-inflammation in patients with CF.17 However, the independent effects 
of inflammation and chronic P. aeruginosa infection on exercise capacity in patients 
with CF have never been studied.
The aim of this study was to evaluate whether CFTR genotype, chronic P. aeruginosa 
infection and inflammatory markers, such as total IgG, leukocyte and neutrophil 
levels are independently associated with longitudinal changes in exercise capacity in 
adolescents with CF. Furthermore, we investigated whether exercise capacity can be 
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used as a prognostic marker to predict mortality and chronic P. aeruginosa infection 
rate, changes in inflammatory markers, pulmonary function and body mass index (BMI) 
in adolescents with CF.

mAteriAl And methods

Study design and subjects
A prospective longitudinal cohort study involving adolescent patients with CF was 
performed. Patients of our CF centre in the Netherlands attend a multidisciplinary 
examination annually. Pulmonary function tests, a CPET and measurements of 
inflammation and anthropometrics are routinely performed. Results were prospectively 
recorded in a database between 1998 and 2008. Sputum cultures taken during the 
entire year preceding the annual examination and were retrospectively evaluated and 
also recorded in the database. Additionally, the database contained information about 
demographics, decease dates and CFTR genotype. 
Patients were included when CPET data of at least two multidisciplinary examinations 
were available. The database contained longitudinal data of 171 adolescents with 
CF, who performed 567 CPETs. Patients were 12 – 18 years old (96 boys, 75 girls) and 
were free of pulmonary exacerbations at the time of testing. All patients gave written 
informed consent for storage and use of their data for scientific purposes and use of the 
database was permitted by the ethical board of the University Medical Centre Utrecht. 
All researchers had full access to all the data in the study and take responsibility for the 
integrity of the data and the accuracy of the data analysis.
The CPET was performed on an electronically braked cycle ergometer (Ergoline, 
Cardinal Health, Houten, The Netherlands) according to the Godfrey protocol.23 
Patients breathed through a face mask (Hans Rudolph Inc, USA) which was connected 
to a calibrated metabolic cart (Oxycon pro, Cardinal Health, Houten, The Netherlands). 
Volume measurements and breath-by-breath respiratory gas analyses were performed 
with a flow meter (Triple V volume transducer) and gas analyzer for oxygen and carbon 
dioxide (Oxycon Pro, Cardinal Health, Houten, the Netherlands). Oxygen consumption, 
carbon dioxide output and the respiratory exchange ratio (RER) were calculated by a 
computer from conventional equations. Heart rate (HR) and oxygen saturation were 
measured continuously during the CPET with a 3 lead electrocardiogram and a pulse 
oxymeter respectively. CPET results were only included for analysis when the test was 
performed until maximal exhaustion. Effort was considered to be maximal when one of 
the following criteria was met: 1.heart rate (HRpeak) > 180 beats per minute, 2.respiratory 
exchange ratio (RERpeak) > 1.00.24 Maximal exercise capacity was calculated as the 
average value over the last 30 seconds of the test and was expressed as VO2peak (l.min-1) 
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and VO2peak corrected for body weight (VO2peak/kg; l.kg-1.min-1). For the analysis maximal 
exercise values were expressed as a percentage of predicted (VO2peak%pred and VO2peak/

kg%pred) by using reference values of Dutch healthy adolescents, which allowed to 
adjust for age, gender and weight. Except for pre-exercise pulmonary function testing, 
which was not performed in the healthy Dutch adolescents, exercise test criteria were 
comparable to the protocol used in the patients with CF to estimate maximal exercise 
capacity and achieve maximal effort.25

CFTR mutations were divided into five classes, based on the functional effect of the 
mildest of the two mutations. Class I, II and III mutations were categorized as severe and 
class IV and V as mild. If one or both of the mutations were unknown, the patient was 
classified as unknown.12

Nutritional status was expressed as the standard deviation score for body weight (SDS 
weight), height (SDS height) and body mass index (SDS BMI) based on reference values 
for healthy Dutch adolescents.26 
Pulmonary function tests were performed prior to the exercise test after inhalation of 
800 µg of salbutamol. The forced expiratory volume in 1 second (FEV1; l) was obtained 
from the best of three maximal expiratory flow-volume curves (Masterscreen; Cardinal 
Health, Houten, The Netherlands) and expressed as FEV1%pred.27 All curves were 
checked for accuracy and repeatability.28 
CRP, total IgG and leukocyte levels were measured in peripheral blood as potential 
inflammatory determinants of longitudinal changes in exercise capacity. These 
inflammatory markers were chosen based on literature concerning chronic inflammation 
in patients with CF17 and previous studies showing significant correlations between 
these specific inflammatory markers, and pulmonary function or exercise capacity.18;19;29

P. aeruginosa infection status and decease dates were retrospectively evaluated and 
recorded in the database. Chronic P. aeruginosa infection was considered to be present 
when >50% of the sputa or cough swab cultures were positive in the preceding year.30 
In the older children less than four sputum samples per year were available. In these 
patients the old European consensus definition for chronic P. aeruginosa infection was 
used, that is, at least three positive cultures over ≥6 months with a ≥1 month interval.31 
Mortality was defined as death or date of lung transplantation, since these patients are 
expected to die without transplantation. 

Statistical analysis
A Kolmogorov-Smirnov test was used to test whether the variables were normally 
distributed. Patient characteristics were expressed as means and standard deviations 
(SD) when variables were normally distributed, otherwise as median and interquartile 
range. Categorical data were expressed as percentage frequency. To evaluate whether 



Chapter 344

CFTR genotype, chronic P. aeruginosa infection and inflammation were associated with 
longitudinal changes in exercise capacity in adolescents with CF, a multivariate linear 
mixed model (LMM) analysis for repeated measurements was used.35 This statistical 
technique has several advantages. (1)Subjects with missing data are not dropped from 
the analysis. (2)Within-subject changes and standard errors over time are calculated. 
Large variations at population level, between individuals, therefore do not influence 
the analysis. This allows us to estimate longitudinal changes over time more accurately 
compared to a cross-sectional analysis of the data.  
Age, FEV1%pred, CFTR genotype, chronic P. aeruginosa infection, CRP, total IgG, 
leukocyte levels and the interaction terms “IgG levels x chronic P. aeruginosa infection”, 
“FEV1%pred x chronic P. aeruginosa infection”, “CFTR genotype x P. aeruginosa 
infection” and “Age x P. aeruginosa infection” were included as potential independent 
determinants. The outcome variable was expressed as VO2max/kg%pred25 to adapt for 
gender, growth and maturation related differences, which exist between adolescents 
of different ages. 
In order to investigate whether exercise capacity can predict clinical outcome exercise 
capacity, measured at the first visit, was categorized as low (VO2max/kg%pred ≤ 80%) or 
high (VO2max/kg%pred > 80%) and named “exercise capacity group”. The LMM analysis 
for repeated measurements was used to assess whether this variable associated with 
longitudinal changes in pulmonary function, IgG levels or SDS BMI. This was tested by 
examining the improvement in model fit after addition of an interaction term to the 
model (age x exercise capacity group). The interaction term would allow for different 
slopes over time for both exercise capacity groups. A log rank test was used to examine 
if there was a difference in chronic P. aeruginosa infection or mortality rate between 
both exercise capacity groups. 
All data were analyzed in SPSS 18.0 for Windows (SPSS Inc, Chicago, Ill, USA). A p-value 
of < 0.05 was considered to be statistically significant. The LMM model was fitted using 
the Akaike Information Criterion.

results

Data of 504 CPETs of 149 patients (85 boys, 64 girls) were eligible for inclusion. Mean 
(SD) duration of follow-up was 2.8 (1.7) years. Table 1 summarizes the baseline 
characteristics of the patients at the first visit. 
Longitudinal changes in VO2peak/kg%pred were negatively associated with chronic P. 
aeruginosa infection and total IgG levels, but not with CFTR genotype, CRP, total 
leukocyte levels and/ or the interaction terms “chronic P. aeruginosa infection x IgG 
levels”, “chronic P. aeruginosa infection x FEV1%pred”, “CFTR genotype x P. aeruginosa 
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infection” and “Age x P. aeruginosa infection” (Table 2). A longitudinal annual decline of 
3.23% was seen in VO2peak/kg%pred, independent of chronic P. aeruginosa infection and 
total IgG levels. An additional decline of 4.60% in VO2max/kg%pred was seen when patients 
became colonized with P. aeruginosa (p=0.007). An increase of 1 g.l-1 in total IgG levels 
was associated with a decline in VO2peak/kg%pred of 0.54% (p=0.020). According to the 
final multivariate mixed model analysis, VO2peak%pred of patients with CF at the age of 
12 years old is comparable to that of age-matched healthy controls (100%), however it 
declines by 20% during adolescence (Figure 1). 

Table 1: Patient characteristics

Variable

Patients (n) 149

CPETs (n) 504

Sex (% male) 57.1

CFTR genotype classes

     Class I - III (severe) (%) 83.2 §

     Class IV – V (mild) (%) 10.1 §

     Unknown (%) 6.7 §

Variable First visit

Age (years) 13.29 (1.24) *

Weight (SDS for age) -0.83 (0.93) *

Height (SDS for age) -0.75 (1.00) *

BMI (SDS for age) -0.59 (0.97) *

FEV1%pred (% predicted) 83.23 (18.04) *

Chronic P. aeruginosa infection (%) 43.62 §

Total IgG level (g.l-1) 12.39 (3.94) †

CRP level (mg.l-1) 6.77 (7.49) †

Total leukocyte level (x109.l-1) 9.31 (3.58) †

VO2peak (l.min-1) 1.76 (0.49) *

VO2peak%pred (% predicted) 91.66 (28.57) *

VO2peak/kg (ml.kg-1.min-1) 41.46 (8.89) *

VO2peak/kg%pred (% predicted) 96.20 (18.29) *

Wpeak (Watt) 142.41 (38.16) *

Wpeak%pred (%) 74.75 (20.72) *

Data are presented as; * = mean (SD), † = median (IR), § = percentage of total group. Definition of abbreviations: 
n = number of subjects; FEV1 = forced expiratory volume in 1 second; VO2peak = Peak oxygen consumption.

Patients with a low VO2max/kg%pred at their first visit had a significantly steeper decline 
in FEV1%pred and a higher increase in total IgG levels during follow-up, compared to 
patients with a high VO2max/kg%pred, which was independent of age and body weight. 
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SDS BMI was not associated (Table 3). Furthermore, a lower VO2max/kg%pred at the first 
visit was associated with a higher mortality rate during follow-up of 80.0% versus 96.3% 
(Log-rank test, p = 0.018), but not with chronic P. aeruginosa infection rate (Log-rank 
test, p = 0.903).

Figure 1: Longitudinal decline in VO2max/kg%pred during adolescence in patients with CF
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Grey dots represent measured VO2peak/kg%pred. Lines represent calculated VO2peak/kg%pred based on the final 
multivariate mixed model analysis: mean (solid line), +/- 1 SD (dotted line), +/- 2 SD (dashed line).

Table 2: Multivariate linear mixed model analysis evaluating effect of CFTR genotype, chronic P. 
aeruginosa infection and inflammation on longitudinal changes in exercise capacity

Variable Estimate 95% CI SE p-value

Intercept 134.53  121.14 to 147.91 6.81 0.000

Age (years) -3.23  -3.90 to -2.56 0.34 0.000

FEV1%pred (% predicted) 0.17 0.09 to 0.26 0.04 0.000

Chronic P. aeruginosa infection (%) -4.60 -7.96 to -1.25 1.70 0.007

Total IgG level (g.l-1) -0.54 -0.99 to -0.09 0.23 0.020

Fixed dependent variable: VO2peak/kg%pred. Fixed independent variables: age, FEV1%pred, CFTR genotype (mild 
vs. severe), chronic P. aeruginosa infection, CRP, IgG level, Leukocyte level, “chronic P. aeruginosa infection x 
IgG”, “chronic P. aeruginosa infection x FEV1%pred”, “CFTR genotype x P. aeruginosa infection” and “Age x P. 
aeruginosa infection”. Random factor: Intercept. Patient not colonized with P. aeruginosa was coded as 0 and 
infection was coded as 1. Definition of abbreviations: SE = standard error, CI = confidence interval.
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Table 3: Multivariate linear mixed model analysis evaluating whether exercise capacity can predict 
longitudinal changes in pulmonary function, total IgG levels or SDS BMI

Dependent variable Variable Estimate 95% CI SE p-value

FEV1%pred (%) Intercept 89.83 76.30 to 103.36 6.87 0.000

Age -1.35 -2.29 to -0.41 0.48 0.005

Exercise capacity group x age 1.03 0.53 to 1.54 0.26 0.000

IgG level (g.l-1) Intercept 3.98 4.31 to 9.64 1.35 0.000

Age 0.52 0.33 to 0.71 0.10 0.000

Exercise capacity group x age -0.19 -0.29 to -0.08 0.06 0.001

SDS BMI Intercept -1.47 -2.05 to -0.89 0.29 0.000

Age 0.05 0.00 to 0.09 0.02 0.030

Exercise capacity group x age 0.02 -0.01 to 0.05 0.01 0.062

Fixed dependent variables: FEV1%pred, IgG level or SDS BMI. Fixed independent variables: Age, “Exercise 
capacity group (low = 0, high = 1) x age”. Random factor: Intercept. Exercise capacity was coded as 0 or low 
when VO2max/kg%pred ≤ 80% or as high when VO2max/kg%pred > 80%. Definition of abbreviations: SE = standard 
error. 

discussion

This study showed that exercise capacity of adolescents with CF at the age of 12 years 
old is comparable to that of age-matched healthy controls, however it declines by 
20% during adolescence. This longitudinal decline in exercise capacity was negatively 
associated with chronic P. aeruginosa infection and IgG levels, independent of age, 
pulmonary function and body weight. CFTR genotype, CRP, leukocyte and neutrophil 
levels were not associated. Furthermore, this study showed that clinical outcome can 
be predicted by exercise capacity. A lower exercise capacity was associated with a 
higher mortality rate, a steeper decline in pulmonary function and a higher increase in 
IgG levels during follow-up, but not with SDS BMI and P. aeruginosa colonization rate.
Inverse correlations between elevated IgG levels and pulmonary function have been 
reported previously in patients with CF.18;19 IgGs serve to neutralize pathogens such as P. 
aeruginosa and promote its elimination by phagocytes. Elevated P. aeruginosa specific 
IgG levels can be measured before the organism can be isolated from sputum in patients 
with CF.32 Elevated IgG levels might therefore be a good representative of inflammation 
and probably also of P. aeruginosa infection status. However, in our model chronic P. 
aeruginosa infection and IgG levels did not interact and were independently associated 
with longitudinal changes in exercise capacity. A possible explanation could be that total 
IgG levels are rather non-specific for an infection with P. aeruginosa as it serves as an 
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antibody for infections in general. P. aeruginosa specific IgG levels might interact with 
P. aeruginosa infection status. Unfortunately, we did not measure specific P. aeruginosa 
IgG antibodies.
The negative association between inflammation and exercise capacity is compatible with 
the concept that chronic systemic inflammation results in a reduced exercise capacity 
due to devastating effects on skeletal muscle,33;34 which is not limited to CF disease,20 
but is also present in other chronic inflammatory diseases such as COPD.29 Skeletal 
muscle mass and function have been shown to be related to exercise capacity in CF,5;35 
but were unfortunately not measured in our study. Furthermore, chronic infection and 
inflammation may lead to increased rates of intravenous treatment and hospitalization, 
which invalidate patients and lead to a reduction in habitual physical activity levels. 
Although the effect is relatively weak, habitual physical activity levels have been shown 
to be a significant predictor of VO2peak in patients with CF.36;37 Recent literature suggests 
that increasing habitual physical activity levels may have the potential to diminish low-
grade inflammation.38 Whether regular exercise can also diminish inflammation in 
patients suffering from severe infections and inflammation, such as patients with CF, is 
unknown. Unfortunately, habitual physical activity levels, rate of intravenous treatment 
and hospitalization were not recorded in the database. Moreover, chronic infection and 
inflammation can lead to a reduced appetite39 and therefore to a reduction in body 
weight, which may lead to a reduction in exercise capacity. However, this is not the 
most likely explanation as exercise capacity was adjusted for differences in body weight 
in our model.
Although CRP levels were found to be negatively correlated with exercise capacity in 
patients with CF in an univariate model,20 we did not find an association between CRP 
levels and longitudinal changes in exercise capacity. CRP is an acute phase reactant, 
which is predominantly elevated during acute infectious diseases and only slightly 
in patients suffering from chronic infectious diseases. IgG levels might be a better 
representative of chronic inflammation and therefore a better predictor of longitudinal 
changes in exercise capacity in patients with CF, compared to CRP. 
Chronic infection with P. aeruginosa was associated with a decline in VO2peak/kg%pred 
of 4.60%, independent of age, IgG levels, pulmonary function and nutritional status. 
Chronic P. aeruginosa infection may have an effect on exercise capacity by weakening 
of the diaphragm. In a mouse model, it was shown that a pulmonary infection with P. 
aeruginosa preferentially weakened the diaphragm, an effect not directly correlated 
with the degree of pulmonary inflammation.40 Chronic infections with P. aeruginosa 
were found to be associated with other clinical variables as well, such as a decline in 
pulmonary function, morbidity and mortality.21;22 
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We did not find an association between genotype and VO2peak/kg%pred in our study, 
which is consistent with the results of Kaplan et al.,13 but in contrast with the findings 
of Selvadurai et al.,14 who showed that patients with a mild mutation (Class IV and 
V) had a better exercise capacity than patients with a severe mutation (Class I, II or 
III). Kaplan et al. compared two groups of patients who were either homozygous (n 
= 10) or heterozygous (n = 20) for the ΔF508 mutation. The study was limited by its 
small sample size. Additionally, all heterozygous patients were pooled in one group, 
independent of the classification of the second mutation. The study of Selvadurai et 
al. was limited because the effect of CFTR genotype on exercise capacity was only 
univariately examined. Analysing the effect of CFTR genotype on exercise capacity in 
a longitudinal multivariate model therefore adds to our current knowledge. Moreover, 
identification of genetic modifiers might be of importance in elucidating the association 
between genotype and phenotypical differences among patients. 
Furthermore, our longitudinal study showed that exercise capacity can be used as a 
prognostic marker for clinical outcome. The value of cardiopulmonary exercise testing 
in predicting survival has been evaluated previously. Consistent with our results, 
these studies showed that exercise capacity was associated with mortality rate.1-3 
Life expectancy has largely improved the last decades in patients with CF, but it is still 
reduced compared to the healthy population. Additionally, the clinical course differs 
greatly between patients. Therefore, determining prognosis is an important issue in 
disease management. A number of variables, such as pulmonary function,1;41 sex,42 
nutritional status41 and chronic infection with P. aeruginosa21;22 have been related to 
prognosis. Exercise capacity is an important addition to these predictors because it 
represents a patients functional capacity. We are the first to show that exercise capacity 
can also predict changes in pulmonary function and inflammation with increasing age 
in adolescents with CF. Exercise capacity measured at the first visit was not associated 
with differences in chronic P. aeruginosa infection rate. Many patients were already 
colonized with P. aeruginosa at the start of the study, which reduced the a priori chance 
for a new colonization event. 
The longitudinal cohort study design is one of the key strengths of this study. Longitudinal 
changes can be estimated more accurately as subject-specific changes over time can 
be estimated. However, a few limitations should be considered. We did not analyze 
all potential confounders, such as habitual physical activity levels, muscle mass and/
or function and effects of other inflammatory markers like IL-6. IL-6 is known to be 
involved in exercise metabolism,43 but is unfortunately not routinely measured. 
In conclusion, this longitudinal cohort study showed that the exercise capacity of 
patients with CF declines during adolescence compared to age-matched healthy 
controls, which is negatively associated with total IgG levels and chronic infection with 
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P. aeruginosa. Since a negative association was observed between exercise capacity 
and markers of chronic inflammation and infection, these findings emphasize the 
importance of prevention and aggressive treatment of chronic inflammation and 
infections in adolescents with CF. Furthermore, a lower exercise capacity is associated 
with a higher mortality rate, a steeper decline in pulmonary function and a greater 
increase in total IgG levels with increasing age in adolescents with CF. This stresses the 
significance of regular cardiopulmonary exercise testing for assessing the prognosis of 
adolescents with CF.  
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AbstrAct

Considerable heterogeneity among training-induced effects is observed in patients with 
cystic fibrosis (CF). We previously showed that longitudinal changes in exercise capacity 
in adolescents with CF were negatively associated with P. aeruginosa colonization and 
total immunoglobulin G (IgG) levels, independent of age, pulmonary function and 
bodyweight. This is the first study investigating whether chronic inflammation and 
infection also affects the exercise training response in adolescents with CF. 
Participants performed a home-based exercise training program for 12 weeks. 
Pulmonary function, anthropometrics, exercise capacity, markers of inflammation and 
P. aeruginosa colonization status were measured at baseline. Exercise training-induced 
changes in pulmonary function and exercise capacity were compared between patients 
with a low and high inflammation-infection status.
Participants with CF with high total IgG levels and P. aeruginosa colonization improved 
significantly less from the exercise training program, with regard to maximal oxygen 
consumption.
These observations support the hypothesis that chronic systemic inflammation and 
infection leads to devastating effects on skeletal muscles, hampering skeletal muscle 
tissue to improve from regular physical exercise. Data further suggest that patients with 
CF should preferentially be encouraged to engage in regular physical exercise when 
inflammation and infection status is low (e.g. at a young age).
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introduction

Patients with cystic fibrosis (CF) are encouraged to engage in regular physical exercise, 
since CF is associated with a reduced physical fitness and exercise capacity has been 
identified as an independent predictor of morbidity and mortality in these patients.1-4 
Regular physical exercise has been shown to improve pulmonary function, exercise 
capacity, muscle strength and quality of life in adults and children with CF, however 
considerable heterogeneity among training-induced effects is observed and, of which 
the underlying mechanisms are unknown.5

Exercise intolerance in patients with cystic fibrosis (CF) is associated with a reduced 
pulmonary function,4;6-11 nutritional status,4;6-9 daily physical activity levels,12;13 chronic 
inflammation4;14 and infection.4  We previously showed that the exercise capacity declines 
20% during adolescence in subjects with CF, of which P. aeruginosa colonization status 
and total immunoglobulin G (IgG) levels were important determinants, independent of 
age, pulmonary function and bodyweight.4

Enhanced circulating levels of pro-inflammatory mediators, such as TNF-α and 
interleukin (IL)-6, induce muscle cachexia15;16 and have been associated with a 
reduced exercise capacity and skeletal muscle function in patients with CF and chronic 
obstructive pulmonary disease (COPD).14;17 Presence of such a catabolic state may affect 
the exercise training response in patients with CF and therefore be an explanation for 
the inconsistent results found by previous exercise training studies. 
P. aeruginosa colonization is associated with a decline in pulmonary function,18 exercise 
capacity,4 increased morbidity and mortality19;20 and is a main contributor to  chronic 
inflammation in patients with CF.21 However, whether chronic P. aeruginosa infection 
also contributes to differences in the exercise training response in patients with CF has 
never been studied.
Therefore, the aim of this study was to evaluate whether the exercise training response 
in adolescent with CF differed between those with a low or high inflammation or 
infection status. 

mAteriAl And methods

Subjects
An open prospective intervention study involving adolescent (12 – 18 years old) patients 
with CF was performed. Included patients had homozygous F508del mutations and 
were clinically stable, which meant no use of extra oral or intravenous antibiotics for 
at least 4 weeks prior to participation. Patients were excluded from participation when 
they used (inhaled) corticosteroids and/ or immunosuppressive therapy, when they had 
CF-related diabetes mellitus and/ or when they had undergone lung transplantation. Of 
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208 patients from the paediatric department of the CF-centre Utrecht (Netherlands), 
60 patients were eligible for inclusion and 17 patients volunteered to participate. All 
participants, and if needed also their parents, gave written informed consent. The study 
was approved by the local medical ethics committee (UMC Utrecht). 

Exercise training program
Participants executed a home-based exercise training program for 12 weeks.22 The 
exercise training program was adjusted for children with CF by one of the exercise 
physiologists of our CF centre. Briefly, the program is composed of six charts, which were 
arranged in increasing order of difficulty. The intensity was graded progressively by the 
patients based on their perceived exertion. Each session consisted of five basic exercises 
that had to be performed within 11 minutes for 5 days a week, without the need for 
specialized equipment. The first four exercises are callisthenic exercises (stretching, sit-
ups, back extension, push-ups) and the fifth is an aerobic exercise (running). Individual 
starting levels of the exercise training program were based on measurement of physical 
fitness scores at the first visit. Patients were instructed how to perform the exercises 
at the start of the study. Progression was evaluated by telephone after three and nine 
weeks and a visit to the outpatient clinic after six weeks. Repetitive instructions were 
given, if needed. Furthermore, a diary was used by the participants to record exercise 
training progression. Detailed information of the study is visualized in Figure 1.

Figure 1: Study scheme
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Anthropometrics
Nutritional status was determined pre- and post-training by measurement of 
bodyweight, height, and body mass index (BMI), which were expressed as standard 
deviation score (SDS) based on reference values for healthy Dutch adolescents.23 
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Pulmonary function measurement
Pulmonary function was measured pre- and post-training after inhalation of 800 
µg salbutamol. From the best of three maximal expiratory flow-volume curves 
(Masterscreen; Cardinal health, Houten, the Netherlands), the forced expiratory volume 
in 1 second (FEV1; l) was obtained and expressed as percent predicted (FEV1%pred).24 

Daily physical activity levels
Daily physical activity levels were assessed pre-training using the uniaxial ActiTrainer 
accelerometer (ActiGraph, FL, USA). It measures step count and acceleration in a single 
(vertical) axis, which were calculated by the ActiLife software (version 3.6.0). Participants 
wore the accelerometers for 3 consecutive days on the right hip from the moment they 
woke up until bed time. Data were expressed as step counts and activity counts per day.

Cardiopulmonary exercise test
The maximal exercise capacity of the participants was measured pre- and post-training 
by a cardiopulmonary exercise test (CPET) according to the Godfrey protocol25 as has 
previously been described.4 Effort was considered maximal when one of the following 
criteria was met: 1.heart rate (HRpeak) > 180 beats per minute, 2.respiratory exchange 
ratio (RERpeak) > 1.00.26 Maximal exercise capacity was calculated as the average 
value over the last 30 seconds of the test and was expressed as VO2peak (l.min-1) and 
VO2peak corrected for bodyweight (VO2peak/kg; l.kg-1.min-1). Maximal exercise values were 
expressed as absolute values (VO2peak, VO2peak/kg) and percent predicted (VO2peak%pred,  
VO2peak/kg%pred) by using reference values of Dutch healthy adolescents,27 which allowed 
to adjust for age, gender and weight.

P. aeruginosa infection status
Sputum cultures, which were available from all regular visits during the entire year 
preceding the first visit of this study, were evaluated. According to the Leeds criteria, 
participants were classified as colonized with P. aeruginosa when ≥ 50% of the sputa or 
cough swab cultures were positive for P. aeruginosa in the preceding year.28 

Inflammatory markers
C-reactive protein (CRP), total IgG and leukocyte levels were measured in peripheral 
blood prior to the start of the CPET, pre-training. Inflammatory markers were chosen 
based on previous data showing significant correlations between these specific 
inflammatory markers and pulmonary function or exercise capacity.4;17;29;30
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Statistical analysis
A Kolmogorov-Smirnov test was used to test whether the variables were normally 
distributed. Patient characteristics were expressed as means and standard deviations 
(SD) when variables were normally distributed, otherwise as median and interquartile 
range (IR). Categorical data were expressed as percentage frequency. 
To investigate whether inflammation or infection status affected the exercise training 
response in patients with CF, participants were stratified in different groups. Since we 
previously observed a negative association between total IgG levels, P. aeruginosa 
colonization status and longitudinal changes in exercise capacity in adolescents with 
CF,4 we chose these parameters as markers for infection and inflammation status. 
Total IgG levels were considered high when levels were ≥ 10.5 g.l-1. This threshold was 
chosen based on normal levels for adolescents, which range between 5.2 and 15.6 g.l-1. 
Infection status was considered high when patients were colonized with P. aeruginosa. 
“Inflammation-infection status”, in which both markers were combined, was considered 
high only when patients were colonized with P. aeruginosa and total IgG levels exceeded 
the threshold of 10.5 g.l-1. All data were analyzed in SPSS 20.0 for Windows (SPSS Inc, 
Chicago, Ill, USA). A p-value of < 0.05 was considered to be statistically significant. 

results

Seventeen adolescent patients with CF volunteered to participate and 13 patients 
completed the training. Patients prematurely dropped out of the study for several 
reasons. One patient had attention deficit hyperactivity disorder (ADHD) in combination 
with an autistic disorder, which made it too difficult to be compliant to the prescribed 
exercise training program. The other three patients dropped out, since it was not 
possible for them to implement the exercise training program in their daily activities.
The data of the remaining 13 patients were analysed. Patients were stratified according to 
their inflammation and infection status. Table 1 summarizes the baseline characteristics 
of the patients at the first visit categorized for the different stratification categories 
(total IgG inflammation status, P. aeruginosa infection status, inflammation-infection 
status). No baseline differences were found when patients were stratified according to 
their total IgG level status. Participants with ≥ 50% positive P. aeruginosa cultures were 
significantly older and had a better nutritional status indicated by a significantly higher 
SDS weight and SDS height. A significant difference in SDS weight was also observed 
when patients were stratified according to the inflammation-infection status (Table 1).
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No significant differences between high and low inflammation-infection status was 
observed for exercise training adherence (Table 2). No significant differences in training 
response were observed when patients were stratified according to total IgG levels or 
P. aeruginosa infection status, except for less lung function improvement in patients 
with P. aeruginosa colonization. However a trend was observed, towards a better 
training response in patients with CF with a low inflammation or infection status. When 
participants were stratified based on their inflammation-infection status, participants 
with a low inflammation-infection status improved significantly more, with regard to 
exercise capacity, from the exercise training program, compared to patients with CF 
with a high inflammation-infection status at the start of the study (Table 3 and Figure 2).

Table 2: Training adherence

 
IgG levels 

at first visit 
< 10.5 g.l-1

IgG levels 
at first visit 
≥ 10.5 g.l-1

p-
value

Cultures 
positive for 

P.aeruginosa 
< 50%

Cultures 
positive for 

P.aeruginosa 
≥ 50%

p-
value

Low 
Inflammation

-infection 
status

High 
Inflammation

-infection 
status

p
-value

Patients (n) 4 9 4 9 10 3

Days trained 
(days)

38.75 
(12.89)

39.56 
(18.28)

0.94 42.75
(21.19)

37.78
(14.82)

0.63 41.50
(14.53)

32.00
(23.07)

0.40

Data are presented as: mean (SD). Definition of abbreviations: n = number. Inflammation-infection status was 
defined as high when both IgG levels and P. aeruginosa positive cultures exceeded the threshold of 10.5 g.l-1 
and 50%, respectively.

Figure 2: Difference in delta VO2peak/kg%pred between participants with a low or high inflammation-
infection status
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Data are presented as mean (SD). Definition of abbreviations: ∆ = absolute difference in exercise capacity 
post- versus pre-training, VO2peak/kg%pred = Peak oxygen consumption per kg bodyweight percent predicted. 
Inflammation-infection status was defined as high when both IgG levels and P. aeruginosa positive cultures 
exceeded the threshold of 10.5 g.l-1 and 50%, respectively.
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Table 3: Differences in training response

 
IgG levels 

at first visit 
< 10.5 g.l-1

IgG levels 
at first visit 
≥ 10.5 g.l-1

p-
value

Cultures 
positive for 

P.aeruginosa  

< 50%

Cultures 
positive for 

P.aeruginosa  

≥ 50%

p-
value

Low 
inflammation

-infection 
status

High 
inflammation

-infection 
status

p-
value

Patients (n) 4 9 4 9 10 3

∆ VO2peak/kg 
(ml.min-1.kg-1)

2.35 
(2.58)

-0.58 
(3.16)

0.18 0.80 
(3.02)

0.19 
(3.47)

0.77 1.56 
(2.55)

-3.11 
(2.40)

0.02

∆ VO2peak%pred 
(% pred)

7.62 
(5.31)

-0.42 
(7.46)

0.09 2.91 
(5.37)

1.94 
(8.93)

0.85 5.52 
(5.25)

-7.51 
(4.73)

0.004

∆ VO2peak/kg%pred 
(% pred)

4.90 
(5.24)

-1.09 
(7.35)

0.18 2.08 
(7.85)

0.32 
(7.20)

0.71 3.43 
(5.95)

-6.65 
(4.70)

0.03

∆ FEV1%pred
(% pred)

-3.50
(3.87)

1.79 
(6.12)

0.14 5.52 
(6.80)

-2.22 
(3.83)

0.02 0.21 
(6.50)

0.00 
(4.58)

0.96

Data are presented as mean (SD). Definition of abbreviations: n = number, ∆ = absolute difference in 
exercise capacity post- versus pre-training, VO2peak/kg = peak oxygen consumption per kilogram bodyweight, 
VO2peak%pred = Peak oxygen consumption percent predicted, VO2peak/kg%pred = Peak oxygen consumption 
per kg bodyweight percent predicted, FEV1%pred = forced expiratory volume in 1 second percent predicted. 
Inflammation-infection status was defined as high when both IgG levels and P. aeruginosa positive cultures 
exceeded the threshold of 10.5 g.l-1 and 50%, respectively.

discussion

The aim of this study was to investigate whether the exercise training response in 
adolescents with CF was affected by their inflammation and infection status. This 
study showed that the exercise training response in adolescents with CF was less when 
inflammation and infection status were high, even when training responses were 
corrected for differences in age and weight by using reference values. 
Present data showed that colonization with P. aeruginosa and total IgG levels not only 
negatively affect exercise capacity as we have previously shown,4 but also the exercise 
training response in adolescents with CF. How chronic inflammation and infection exactly 
lead to a reduced exercise training response, is unknown. The hypothesis that chronic 
systemic inflammation leads to a catabolic state affecting skeletal muscle dysfunction, 
may also hamper patients to improve from regular physical exercise.15;16 It has already 
been shown in 90-year-old female nursing home residents that enhanced circulating 
levels of TNF-α receptor p55, a pro-inflammatory marker, were associated with a lower 
exercise training response.31 
P. aeruginosa is an important contributor to chronic inflammation.32;33 A pulmonary 
infection with P. aeruginosa in a mouse model weakened the diaphragm, independently 
of pulmonary inflammation.34 Colonization with P. aeruginosa may therefore also lead 
to a catabolic state, hampering the exercise training response in these patients.
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Additionally, a single exercise session in healthy people has been shown to lead to 
immune activation. This is characterized by a leukocytosis with leukocytes displaying 
an activated phenotype and enhanced circulating levels of cytokines and chemokines, 
such as IL-6 and TNF-α,35 A single exercise session in patients with CF also leads to a 
leukocytosis comparable to what was observed in age-matched controls,36;37 however 
higher increases of pro-inflammatory markers, such as TNF-α,38 TNF-α soluble receptor 
I,39 IL-6,38;39 and IL-6 soluble receptor39 were observed, which also remained higher for 
a longer period.38;39 These data may suggest that repetitive single exercise sessions in 
patients with CF may lead to recruitment of leukocytes which produce higher amounts 
of pro-inflammatory cytokines, therefore leading to devastating effects on skeletal 
muscle tissue, instead of improvements of skeletal muscle function. 
We used P. aeruginosa colonization status and IgG levels as markers for inflammation 
and infection, which are both good representatives of the chronic inflammation 
and infection status in patients with CF in general. IgG production increases upon a 
pulmonary infection with P. aeruginosa and may already be present before the first 
positive culture.40-42  IgGs facilitates clearance of P. aeruginosa by opsonizing them.43 
Additionally, patients colonized with P. aeruginosa show chronically elevated IgG levels.44 
Additionally, IgGs lead to cytokine production upon activation of Fc receptors,45;46 
suggesting that it is a good marker for inflammation as well. Compared to cytokines, the 
half-life of IgGs are much greater. IgG levels are therefore more steadily present and less 
influenced by circumstantial factors (e.g. heat, exercise, pulmonary exacerbations) than 
cytokines. IgG levels in combination with P. aeruginosa colonization status are therefore 
good markers of both inflammation and infection status.  
Chronic inflammation and infection may lead to increased rates of intravenous 
treatment and hospitalization, which invalidate patients and lead to a reduction in 
habitual physical activity levels, which might therefore lead to a difference in training 
response. However, daily physical activity levels were not different at the start of the 
study.  Although patients with a high inflammation-infection status trained less (32.0 
days) compared to patients with a low inflammation-infection load (41.5 days), this 
was not significantly different. Furthermore, the use of extra antibiotics besides regular 
antibiotic treatment and the hospital admission rate were not statistically different 
between both groups (data not shown). 
Although data are based on a small sample size and patients were not randomized 
for the exercise training program, this is the first study showing that the exercise 
training response might be negatively affected by inflammation and infection status in 
adolescents with CF. Data may suggest that adolescents with CF should preferentially 
be encouraged to engage in regular physical exercise when inflammation and infection 
status is low (e.g. at a young age), since patients probably will benefit more from regular 
physical exercise. 
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AbstrAct

Regular moderate exercise has been suggested to exert anti-inflammatory effects 
and improve immune effector functions, resulting in reduced disease incidence and 
viral infection susceptibility. Whether regular exercise also affects bacterial infection 
susceptibility is unknown. The aim of this study was to investigate whether regular 
voluntary exercise wheel running prior to a pulmonary infection with bacteria (P. 
aeruginosa) affects lung bacteriology, sickness severity and phagocyte immune function 
in mice.
Balb/c mice were randomly placed in a cage with or whithout a running wheel. After 28 
days, mice were intranasally infected with P. aeruginosa. 
Our study showed that regular exercise resulted in a higher sickness severity score and 
bacterial (P. aeruginosa) loads in the lungs. The phagocytic capacity of monocytes and 
neutrophils from spleen and lungs was not affected. 
Collectively, these data indicate that regular voluntary exercise wheel running leads 
to an enhanced susceptibility to a pulmonary infection with P. aeruginosa while the 
phagocytic capacity of monocytes and neutrophils is preserved. Although regular 
moderate exercise has many health benefits, these data suggest that patients, suffering 
from bacterial infectious diseases, should be encouraged to engage in exercise and 
physical activities with caution.
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introduction

It has been shown that regular exercise is positively associated with health. It 
improves muscle strength and function, cardiorespiratory fitness, quality of life and 
has been suggested to affect immune function as well. However, immune modulatory 
effects induced by regular exercise remain poorly studied.1-4 Regular exercise of 
moderate intensity has been shown to exert anti-inflammatory effects (e.g. in obesity, 
atherosclerosis, diabetes) and may also improve immune effector functions, resulting 
in reduced disease incidence and viral infection susceptibility. The opposite has been 
observed for prolonged or very intense exercise.1;2;4-8 In animal models it was shown 
that a period of moderate regular exercise reduced microbial load, inflammation, 
morbidity and mortality upon a viral infection.9-12 Recently, a large longitudinal cohort 
study in 1002 healthy adults showed that the number of days with upper respiratory 
tract infections (URTIs) was significantly reduced in physically fit and active adults, with 
higher numbers in people that hardly, or intensively exercised.13 These studies suggest 
that specific exercise programs may be used to modify the course of inflammatory and/ 
or infectious diseases.
The effects of regular exercise to microbial loads, morbidity and mortality upon a 
bacterial infection are unknown. In this study, we focussed Pseudomonas aeruginosa 
(P. aeruginosa), which is an opportunistic pathogen in patients with cystic fibrosis (CF) 
leading to pulmonary infections.14-16 All international treatment guidelines regarding CF 
promote regular exercise training, to improve general fitness and well-being in these 
patients. However, the effects of regular exercise on susceptibility to P. aeruginosa 
infections are incompletely understood. Therefore, the aim of this study was to 
investigate whether regular voluntary exercise wheel running prior to a pulmonary 
infection with P. aeruginosa affects lung bacteriology, sickness severity and phagocyte 
immune function in mice. 

mAteriAl And methods

Animals and ethics
Female Balb/c mice (n=40, 12–15 weeks old) were obtained from Taconic (Tornbjerg, 
Denmark). The study procedure was approved by the local animal care committee 
(Panum Institute, Copenhagen, Denmark) and The Animal Experiments Inspectorate 
(2008/561-754). Mice were housed in a pathogen-free experimental unit with barrier 
provisions and received commercial food and water ad libitum. 
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Study procedure
Following 1 week recovery upon arrival, mice were randomly placed in individual cages, 
which were supplied with (N=20) or without a running wheel (N=20) (Techniplast 
activity cage, wheel Ø: 23 cm; Techniplast, Buguggiate, Italy). Mice in the running wheel 
group had free access to the activity wheel for 28 days. Distance covered weekly in 
the running wheel was measured online by a cycle computer (BC 1400; Sigma Sport, 
Neustadt, Germany). General health monitoring was performed daily and lung function 
was measured at day 27. At day 29 mice were inoculated intranasally with P. aeruginosa 
(Figure 1), after anaesthetization using an intraperitoneal injection of a mixture of 65 
mg/kg ketamine (Intervet, Skovlunde, Denmark), 13 mg/kg Xylazine (Intervet) in sterile 
isotonic saline. 

Figure 1: Schematic representation of the study procedure
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The bacterial inoculum (50 μL sterile saline containing 5x106 colony forming units 
(CFU) of P. aeruginosa) was applied drop wise to the nostrils of the mice. This dose was 
chosen, based on previous titration studies, which showed a small possible working 
dose of 1x106 to 1x107 CFUs/50 µL. Lower doses were fully cleared by all mice and 
higher doses were lethal within a few hours. Mice were held in an upright position until 
the complete inoculum was inhaled. Mice had access to the running wheels until the 
inoculation took place, which represents the usual sequence of events best. In normal 
life, patients do not know in advance when P. aeruginosa acquisition will take place. 
Exercise will therefore be continued until patients get sick. Following inoculation, mice 
were housed in an isolated cabinet (Scanbur, Karlslunde, Denmark) and had no access 
to a running wheel anymore. 16 hours post-infection (overnight), following symptom 
severity scoring, mice were sacrificed using 300 µl of an intraperitoneal injection 
containing 200 mg/ml pentobarbital and 20 mg/ml lidocaine, since mice were too sick 
to let them live. A mortality study was not allowed by the ethical committee.

Measurement of Pulmonary Function
Whole Body Plethysmography (Buxco, Troy, NY, USA) was performed as previously 
described (n=40).17 In brief, WBP was used to measure the effect of the intervention 
on lung function in mice at day 27. Mice were individually placed inside the chambers. 
During a 5 minute measurement, breathing frequency (breaths/ min) and tidal volume 
(ml) were measured and recorded. 

Bacteria and inoculation
Mice were inoculated using the laboratory P. aeruginosa  strain PAO1.18 Bacteria were 
grown overnight in Luria–Bertani (LB) medium at 37⁰C 175 rpm. The next day, 1 ml 
of broth was resuspended in 20 ml of fresh LB broth and allowed to grow until the 
mid-logarithmic phase (OD of 0.6 at 600 nm ≈ 1 x 109 cells/ml). Bacteria were washed 
and resuspended in 0.9% sterile saline at 1x108 CFUs/ml (5x106 CFUs/50μL). Number of 
CFUs in inocula was verified by plating serial dilutions on blue agar plates (a modified 
Conradi Drigalski’s medium selective for Gram-negative rods; State Serum Institute, 
Copenhagen, Denmark) overnight at 37⁰C. The inoculum dose of 5x106 CFUs/ 50 µl was 
based on previous pilot experiments, which showed full clearance of the bacteria when 
≤1x106 CFUs/ 50 µl were administered, whereas a dose ≥1x107/ 50 µl was lethal (data 
not shown). For the phagocytosis assay, an EGFP-labeled PAO1 strain was used, which 
has been described previously.19 Bacteria were grown overnight in Luria–Bertani (LB) 
medium containing 100 µg/ml ampicillin and 10 µg/ml kanamycin, at 37⁰C 175 rpm. The 
next day, 1 ml broth was resuspended in 20 ml of fresh LB broth and allowed to grow 
until the mid-logarithmic phase (OD of 0.6 at 600 nm ≈ 1 x 109 cells/ml). Bacteria were 
washed and diluted in PBS until a final concentration of 2x107 CFUs/ml was reached.
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Symptom severity score
Mice (n=40) were scored for symptom severity twice 16 hours following inoculation 
with P. aeruginosa by an investigator, who was blinded for the experimental conditions. 
Symptom severity score contained typical symptoms of illness, which was adapted from 
Murphy et al. (Table 1).11 Mice that displayed any of these symptoms were considered 
as morbid. Cumulative scores ranged from 0 to 10, based on the varying degree of 
symptoms of sickness. 

Table 1: Symptom severity scoring system

Eyes 0 – no signs, normal
1 – sore red eyes

Lesions 0 – none
1 – lesion on head

Fur 0 – well groomed
1 – ruffled fur

Neurological/ neuromuscular 0 – normal movement
2 – hunched back
2 – hind limb paralysis
3 – unresponsiveness 

Symptom severity scoring system was adapted from Murphy et al.11 Animals were scored twice post-infection. 
Cumulative score may range from 0 to 10, indicating no to severe illness.

Isolation of immune cells from spleen and lung
Immune cells were harvested from sacrificed mice, 16 hours following inoculation 
with P. aeruginosa. Spleens (n=20 of n=40 mice) and lungs (n=24 of n=40 mice) were 
incubated in 0.9% NaCl and placed on ice. Explants were homogenized using a cell-
strainer (100 μM, BD Biosciences, NJ, USA) in RPMI 1640 wash medium supplied with 
2% FCS, 1% L-glutamin and Penicillin (100U/ml) and Streptomycin (100μg/ml). Before 
further handling, erythrocytes were removed by an erythrocyte lysis buffer Hybri-Max 
R7757, according to the manufacturer’s protocol. Next, immune cells (splenocytes and 
immune cells from the lung) were washed in RPMI 1640 wash medium and frozen in 
freeze medium, which contained 90% FCS and 10% DMSO. Media and supplements 
were obtained from Invitrogen (Invitrogen, CA, USA).

Lung bacteriology
Lungs were removed from sacrificed mice, 16 hours following inoculation with P. 
aeruginosa. Lungs (n=28 of n=40 mice) were incubated in 0.9% NaCl and placed on 
ice. Both lungs of individual mice were pooled and homogenized on ice in 3 ml sterile 
saline using a homogenizer (Heidolph diax 600, Struers, Ballerup, Denmark) at 13500 
rpm. To determine the amount of CFUs, serial dilutions were plated on blue agar plates 
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and incubated overnight at 37⁰C. Colonies were tested for oxidase activity with oxydase 
reagens (State Serum Institute). Colonies attained a deep blue colour within 10 sec 
when they were of P. aeruginosa origin (presence of the enzyme complex cytochrome 
c). 

Determination of skeletal muscle mitochondrial enzymes
Muscle lysate preparations
The white part of the musculus (m.) gastrocnemius and m. quadriceps femoris were 
removed from sacrificed mice and immediately frozen in liquid nitrogen and stored at 
-80⁰C. Whole cell lysates were prepared by homogenization in 2 ml Eppendorf tubes 
using a Polytron (PT 1200, Kinematica) and were incubated in ice-cold lysis buffer A 
[50mM HEPES (pH 7.4) 10% glycerol, 20 mM Na Pyrophosphate, 150 mM NaCl, 1% NP-
40, 20 mM β-glycerophosphate, 10 mM NaF, 1mM EDTA, 1 mM EGTA, 2 mM PMSF, 10 
µg/ml aprotinin, 10 µg/ml leupeptin, 2 mM Na3VO4, 3 mM benzamidine] for 20 sec 
(PT 3100; Kinematica). Homogenates were rotated end-over-end at 4⁰C for 1 h. Soluble 
debris was collected by centrifugation at 17.500 g (30 min, 4⁰C) and supernatants were 
snapfrozen in liquid nitrogen and stored at -80⁰C. 

SDS-PAGE and Western Blotting
Total protein content in lysates were determined by the bicinchoninic acid method 
(Pierce Chemical, Rockford, IL). Muscle whole cell lysates were subjected to SDS-page 
(7.5 – 15% Tris•HCl gels; Criterion, Bio-Rad, Denmark), and were transferred (semidry) 
to PVDF membranes (Immobilion Transfer Membrane, Milipore), blocked with Tris-
buffered saline-Tween 20 (10 mM tris-Base (pH 7.4), 0.9% NaCl, 1% Tween 20 (TBST) + 
2% skimmed milk), and incubated with primary antibodies (TBST + 2% skimmed milk) 
followed by incubation with horseradish peroxidase-conjugated secondary antibody 
(TBST + 2% skimmed milk) (Dako, Glostrup, Denmark). Primary antibodies used were: 
anti-hexokinase II (anti-HK II) and anti cytochrome C Oxidase I (Molecular Probes, 
Eugene, OR). Bands were visualized after washing of membranes and incubation with 
chemiluminescent horseradish peroxidase substrate (Millipore, Immobilon, Denmark) 
using a CCD-camera (Kodak Image Station 2000M, Denmark).

Phagocytosis
Isolated immune cells from lung or spleen were thawed using RPMI 1640 wash medium 
supplemented with 10% FCS. We have already shown in human phagocytes that the 
freeze-thawing process does not affect the phagocytosis capacity of immune cells 
(data not shown). Cells were washed with RPMI 1640 wash medium supplemented 
with 2% FCS. The EGFP-labelled PAO1 strain was opsonized for 30 min by 4% mouse 
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serum (Dako, Heverlee, Belgium). Next, immune cells (1x106/50 µl) were incubated with 
opsonized PAO1 (1x107/50 µl) for 30 minutes. The infection ratio of 1:10 and amount 
of serum used was based on previous work of others20;21 and our own work in human 
phagocytes and PAO1 (unpublished data). A small pilot study in mouse phagocytes gave 
similar results to what we observed in the phagocytosis assay with human phagocytes 
(data not shown). To stop phagocytosis, cells were placed on ice and 100 μL cold 
paraformaldehyde 4% (PFA; Klinipath, Duiven, Netherlands) was added immediately and 
incubated for 30 min at 4°C. The phagocytic capacity (percentage of EGFP-positive cells) 
was measured using flow cytometry. Cell populations were identified using forward and 
side scatter. Identification of populations using CD-marker specific stainings, prior to 
the start of the phagocytosis assay, interferes with the phagocytosis capacity. CD14, for 
example, can be used for identification of monocyte populations, but is also needed 
for recognition of LPS, which stimulates phagocytosis upon binding. Recognition of CD-
marker epitopes post phagocytosis is hampered, because immune cells are fixated using 
formaldehyde. Furthermore, extra washing and spinning procedures would further 
continue phagocytosis processes, although cells are fixated and kept on ice.

Statistical analysis
A Kolmogorov-Smirnov test was used to test whether the variables were normally 
distributed. Data were expressed as means ± standard errors of the mean (SEM) and 
analyzed using an unpaired Student’s T-test when variables were normally distributed, 
otherwise as median ± interquartile range (IR) and a Mann Whitney U-test. A p-value < 
0.05 was considered as statistically significant. All data were analyzed in SPSS statistics 
version 20.0 for Windows. 

results

Effectiveness of voluntary exercise wheel running 
To assess whether voluntary exercise wheel running was adequate to achieve training-
induced adaptations, daily running distance and HK II and COX I skeletal muscle 
protein levels were determined in the white part of the m. quadriceps femoris and m. 
gastrocnemius. On average mice ran 8.7 ± 0.1 km per day (mean ± SEM) (Figure 2a). 
Except for the HK II protein content in the m. quadriceps femoris, COX I and HK II protein 
contents were significantly increased in the exercise wheel group (Figure 2b). Exercise 
wheel running resulted in a significant decrease in breathing frequency, but tidal volume 
and minute volume were equal between both experimental groups (Figure 2c).
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Effect of exercise on symptom severity score and lung bacteriology
To determine that the lungs were selectively targeted by nasal inoculation, intranasal 
administration of radio-labelled peptide solution (50μl) was performed as has been 
described, in a separate group of mice (data not shown).17 The mean percentage of 
radioactive particles detected in the lungs (relative to the control fluid) was 71% (range 
61-76%). No radio-active particles were detected in the stomachs of the mice, indicating 
that the inocula were specifically delivered to the lungs without being swallowed.
To investigate whether regular exercise affects P. aeruginosa pulmonary infection 
susceptibility, post-infection symptom severity score and lung bacteriology were 
determined. Mice in the running wheel group had a significantly higher symptom 
severity score, suggesting more severe illness, 16 hours after intranasal inoculation with 
P. aeruginosa (Figure 3a). Furthermore, mice in the exercise wheel running group had a 
significantly higher amount of P. aeruginosa CFU in their lungs (Figure 3b).

Figure 3: Effect of exercise on symptom severity score and bacterial load in the lung following 
intranasal inoculation with P. aeruginosa
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Each dot represents one mouse. A. Symptom severity score (Mean ± SEM) 16 hours following intranasal 
inoculation with P. aeruginosa (n = 20 per group). B. Amount of colony forming units per lung (Median ± IR) 
following intranasal inoculation with P. aeruginosa (n = 14 per group). Inoculation doses was 5x106 CFUs/50μL.

Effect of exercise on the phagocytic capacity of phagocytes
The phagocytic capacity of monocytes and polymorphonuclear leukocytes (neutrophils) 
was determined to investigate whether regular exercise affects the phagocytic capacity of 
phagocytes and whether a change in these innate immune functions could be associated 
with the changes in lung bacteriology. The phagocytic capacity was determined using 
flow cytometry by analyzing uptake of EGFP-labelled P. aeruginosa by monocytes and 
neutrophils after 30 minutes of co-culture (Figure 4a shows representative examples). 
The capacity of monocytes and neutrophils to phagocytose P. aeruginosa was not 
affected by regular exercise (Figure 4b).
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Figure 4: Effect of exercise on capacity of phagocytes to take up P. aeruginosa
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discussion

The aim of this study was to investigate whether regular voluntary exercise prior to a 
pulmonary infection with P. aeruginosa in mice affects lung bacteriology, sickness severity 
and phagocyte immune function. We observed that exercised mice had more severe 
illness and a higher P. aeruginosa infection loads in the lungs. The phagocytic capacity of 



Chapter 580

monocytes and neutrophils from spleen and lungs was not affected. Collectively, these 
data indicate that regular voluntary exercise can enhance susceptibility to a bacterial 
pulmonary infection. 
We are the first investigating the effect of regular exercise on bacterial infection load. 
Limited data are available showing that regular exercise leads to a reduced viral infection 
load and associated morbidity and mortality in animals10-12 and a reduced upper 
respiratory tract infection frequency in humans.13 The contrasting findings of this study 
may result from differences in microorganism-infection model (virus versus bacteria) 
or animal model. Inflammatory responses are in general greater in female compared 
to male Balb/c mice. Use of other mice strains may lead to complete different results. 
Additionally, future research should focus on longer follow-up times post-infection, since 
different kinetics at different time-points post-infection may lead to different results. 
Different P. aeruginosa strains should therefore be used, such as  chronic (non-)mucoid 
P. aeruginosa strains (e.g. NH57388),22 which allows longer follow-up times due to their 
lower lethality. Furthermore, the exercise modality used in our study had a voluntary 
character, which may induce completely different effects on infection susceptibility 
compared to involuntary treadmill running used in the previous studies.10-12 
Voluntary exercise wheel running was chosen as an exercise model, since a standardized 
treadmill exercise protocol leads to stress responses due to its involuntary character, 
which may therefore be a potential study confounder.22 It has been demonstrated 
that voluntary exercise wheel running leads to similar skeletal muscle adaptations as 
standardized involuntary moderate treadmill running,23 supporting its use as effective 
exercise modality to induce training effects in mice. Average running distance covered 
by the mice in our study was comparable to what was found in other studies.24;25 
Furthermore, we showed that 4 weeks of voluntary exercise wheel running induced 
an aerobic training effect on skeletal muscle enzyme content, which was comparable 
to what was shown for HKII26;27 and COXI28 by previous studies. Taken together, these 
data suggest that voluntary exercise wheel running in our study was effective to induce 
skeletal muscle adaptations and is representative for moderate exercise.
A change in the phagocytic capacity of monocytes and neutrophils might be an 
explanation for the increased exercise-induced bacterial infection susceptibility. 
However, although a higher sickness severity and lung bacteriology was measured after 
regular voluntary exercise, we showed that the capacity of neutrophils and monocytes 
to phagocytose P. aeruginosa was unaffected. Whether innate immune function is 
directly affected by regular exercise has been poorly investigated by others and contrary 
results have been published. Regular intense exercise leads to a reduced capacity of 
neutrophils to phagocytose unopsonized latex beads and produce superoxide anions,29 
whereas this was not affected29 or improved30 by regular moderate exercise. In our 
phagocytosis assay opsonized live bacteria and whole blood cells in co-culture were 
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used, which allows bacteria-cell and cell-cell interactions that may modulate bacterial 
defense mechanisms and represents the in vivo situation better. Altogether, the role 
of exercise-induced changes in innate immune function remains unclear. Effects are 
probably dependent on the exercise modality and animal model used. Furthermore, 
more studies are needed addressing the role of exercise in differential innate immune 
defense mechanisms. 
We observed no effect of regular voluntary exercise on the phagocytic capacity of 
neutrophils and monocytes, however other innate immune functions, such as the killing 
capacity of phagocytes or defensin levels in the lung, might be affected. Furthermore, 
it has been reported that moderate regular exercise leads to reduced circulating 
levels of cells with an activated phenotype, indicated by increased anti-inflammatory 
regulatory T cell (Treg)31 and reduced inflammatory (CD16+ high) monocytes levels.8;32-35 
These preferential changes in circulating subsets towards cells with a reduced activated 
phenotype might lead to reduced antigen responsiveness, which may lead to a reduced 
antigen clearance and increased disease frequency. Unfortunately, changes in cell 
population numbers have not been estimated in our study. 
It may be possible to extrapolate data to other bacteria that more commonly lead 
to pulmonary infections, such as Staphylococcus aureus, Streptococcus pneumoniae 
or Hemophilus influenzae. However, this requires more research, since differences in 
immunological responses to different bacteria and dissimilarities in virulence factors 
may lead to different results. 
Collectively, our data showed that voluntary moderate exercise can enhance bacterial 
(P. aeruginosa) infection susceptibility with preservation of the phagocytic capacity 
of monocytes and neutrophils, suggesting that other determinants were involved. 
Whether cell numbers or other innate immune functions, such as the killing capacity, 
were affected, has to be studied. 

conclusion

Healthy mice show increased bacterial (P. aeruginosa) infection load and symptoms, 
after regular voluntary exercise, with preservation of the phagocytic capacity of 
monocytes and neutrophils. Although regular moderate exercise has many health 
benefits, these data suggest that patients, suffering from bacterial infectious diseases, 
should be encouraged to engage in exercise and physical activities with caution.
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AbstrAct

Cystic fibrosis (CF) is caused by mutations of the CFTR gene and characterized by chronic 
pulmonary infections. The mechanisms underlying chronic infection and inflammation 
remain not fully understood. Mutant CFTR in non-epithelial tissues such as immune cells 
has been suggested to contribute to infection, inflammation and resultant lung disease. 
However, much controversy on the intrinsic role of CFTR in immune cells, especially 
phagocytes, still exists. Therefore, we investigated CFTR expression and function in 
neutrophils and monocytes isolated from human peripheral blood. CFTR function was 
assessed by comparing non-CF and CF cells, and upon chemical inhibition of CFTR. We 
found CFTR protein expression in monocytes, but expression was limited or undetectable 
in neutrophils. In agreement, phagocytosis and intracellular killing of Pseudomonas 
aeruginosa was reduced in CF monocytes, which was phenocopied in non-CF monocytes 
upon pharmacological inhibition of CFTR. Reduced phagocytosis in CF monocytes relied 
on complement-dependent opsonization of Pseudomonas aeruginosa, and was also 
observed with latex particles labeled with purified C3b. Mechanistically, we observed 
that CFTR function in monocytes is required for optimal expression of CD11b. We 
observed no role for CFTR in neutrophil-mediated phagocytosis. These data support 
an intrinsic role for CFTR in monocytes and suggest that CFTR-dependent alterations in 
complement-mediated interactions between Pseudomonas aeruginosa and monocytes 
may contribute to enhanced infection susceptibility in CF patients. 
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introduction

Cystic fibrosis (CF) is an inherited autosomal recessive disease caused by mutations in 
the cystic fibrosis transmembrane regulator (CFTR) gene.1 CFTR is a cAMP-regulated 
chloride-selective ion channel that regulates the composition of mucosal secretions. 
Loss-of-function mutations of CFTR result in viscous, acidic mucus in the respiratory, 
reproductive and gastro-intestinal system2 Pulmonary disease is the major cause 
of mortality and morbidity in this multi-organ disease, and results from persistent 
pulmonary infections and associated inflammation. Pseudomonas aeruginosa (P. 
aeruginosa) is the most common bacterial pathogen that ultimately infects up to 85% of 
patients.1 Still, the mechanisms underlying chronic infection and inflammation leading 
to pulmonary failure remain not fully understood.3 
Lack of functional CFTR in non-epithelial tissues such as immune cells has been suggested 
to contribute to infection, inflammation and resultant lung disease.3 CFTR expression 
and function has been directly demonstrated in various myeloid immune cells such as 
neutrophils, monocytes and alveolar macrophages.4-11 However, much controversy on 
the intrinsic role of CFTR in innate immune cells remains, especially for neutrophils.
An increasing number of studies suggest that CFTR deficiency in immune cell subsets 
contributes to infection susceptibility. Phagocytosis and killing of P. aeruginosa by 
monocyte-derived macrophages from CF patients,8 CFTR-/- mice,12 and CFTR-/- alveolar 
macrophages from mice were reduced.4 However, the capacity of murine neutrophils 
to phagocytose and kill P. aeruginosa was not affected.4 Additionally, it has been shown 
that lysosomal acidification is reduced in CFTR deficient epithelial cells and alveolar 
macrophages suggesting altered lysosomal killing of pathogens and a direct role for 
CFTR in phagolysosomal function in these cells.4;13-15

The purpose of this study was to pairwise compare CFTR expression and function in 
human monocytes and neutrophils. We observed CFTR protein expression in monocytes, 
but limited to none in neutrophils using confocal microscopy and flow cytometry. We 
compared interactions between bacteria and these cells in various functional in vitro 
assays, and used a specific CFTR inhibitor to address a direct role for CFTR in these 
functions. Our data point out that CFTR function in monocytes, but not neutrophils, is 
required for optimal complement-dependent bacterial uptake and killing.

mAteriAls And methods

Detailed information about buffers, reagents, isolation and sorting of peripheral blood 
immune cells, opsonization of bacteria, and preparation of C3b-coated beads is provided 
in the supplementary section. Immune cells were isolated from healthy controls and 
CF patients who carried a G542X/G54X, G542X/F508del mutation or F508del/F508del 
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mutation. This research has been approved by the Ethics Committee. All participants 
gave written informed consent.

Staining of whole cell CFTR
Staining of whole cell CFTR in immune cells was performed as has been previously 
described.16 Cells were fixed with 50 µl Cytofix per 5×104 cells for 30 min at 4°C. 
Next, cells were washed twice with Perm Wash buffer to permeabilize membranes. 
Subsequently, cells were washed with Perm Wash buffer, blocked with 7.5% normal 
mouse and rabbit serum, and incubated with the CFTR-specific antibodies 570 (1:250), 
L12B4 13.5 µg/ml or the appropriate isotype control antibody for 45 minutes. Next, 
cells were washed with Perm Wash buffer, blocked with 7.5% normal mouse and rabbit 
serum and incubated with the secondary goat-anti-mouse antibodies for 30 minutes. 
Expression levels were analyzed by flow cytometry (Canto II, BD Biosciences) or 
confocal microscopy (LSM 710, 63X objective, Zeiss, Hamburg, Germany). For confocal 
microscopy, cells were adhered to object glasses and embedded in Mowiol containing 
Dapi for nuclear staining as described.17 To confirm CFTR-antibody-specificity whole cell 
CFTR expression levels were compared with isotype control antibodies and CF cells were 
derived from a subject with two CFTR nonsense mutations (G542X/G542X), therefore 
expecting absent expression of CFTR. Images were also evaluated by three independent 
blinded observers to overcome inter-observer-bias.

Staining of complement receptors and urokinase plasminogen activator receptor
Cells isolated using ficoll were thawed and washed using RPMI-1640 containing 10% 
FCS. Subsequently, cells were washed with FACS buffer, blocked with 10% normal mouse 
serum, and incubated with CD-marker specific antibodies (CD11b, -11b active epitope 
(ae), -11c, -18, -35, -87) for 45 min, of which antibody concentrations were titrated first. 
Expression levels were analyzed by flow cytometry.

Phagocytosis and killing assay
Whole blood immune cells or separate populations of PBMCs and neutrophils were 
isolated for the phagocytosis and killing assay, respectively. Immune cells were washed 
and resuspended in RPMI-1640. Next, cells were incubated with EGFP-labeled serum-
opsonized PAO1 or fluorescent C3b-coated beads in effector:target ratios of 1:10 
(phagocytosis assay) or 1:100 (killing assay) for 30 min. Phagocytosis was stopped 
by transferring cells to ice and addition of 100 µL ice-cold medium (PBS or 4% 
paraformaldehyde). Cells were fixed using 4% paraformaldehyde when live P. aeruginosa 
was used. The percentage of EGFP-positive cells, indicating that these cells have taken 
up EGFP positive PAO1, was measured using flow cytometry. Fc receptor (FcR)-mediated 
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phagocytosis of P. aeruginosa was blocked using mAbs against CD16 (Clone 3G8; 10 μg/
ml, 15 min) and CD32 (Clone IV.3; 10 μg/ml, 15 min) or IgG-Fc fragments (10 μg/ml, 15 
min).
For the killing assay, immune cells were pelleted by centrifugation, after 30 min of co-
culture. Supernatants were plated on LB-agar. Pelleted immune cells were resuspended 
in RPMI-1640 containing 20 μg/ml gentamicin for 20 minutes to kill viable cell-associated 
non-phagocytosed bacteria. Next, cells were washed with PBS and resuspended in 
distilled water containing 2% Triton x-100 to lyse cells and release intracellular bacteria. 
Samples were plated on LB-agar, and colony-forming units were counted after overnight 
incubation. 
 

results

CFTR expression and localization in peripheral blood immune cells
To determine whether CFTR was expressed in phagocytes, monocytes and neutrophils 
were sorted using flow cytometry. CFTR expression was assessed by confocal microscopy 
using two CFTR-specific monoclonal antibodies, 570 and L12B4. Compared to the 
isotype control, CFTR was clearly expressed in monocytes (Figure 1A, left panel), but 
not in neutrophils (Figure 1A, right panel). Of all sorted monocytes more than 80% was 
positively stained for CFTR (S1). Punctuate CFTR expression was observed in the cytosol 
and possibly plasma membrane. To further confirm CFTR specificity, whole blood 
immune cells were isolated from a healthy control and a CF patient with two nonsense 
mutations (G542X/G542X), expecting absent expression of CFTR. Absence of cytosolic 
staining in immune cells from a patient with two nonsense CFTR mutations, indicated 
that CFTR was specifically detected and that nuclear staining of mAb 570 was likely 
non-specific (Figure 1B). CFTR expression in nasal epithelial cells from a healthy control, 
but not in a CF patient (G542X/G542X) further supported that our staining procedure 
could detect CFTR (Figure 1C). Together, these data suggested that CFTR is expressed in 
peripheral blood mononuclear cells, but not in neutrophils, what was also confirmed by 
three independent blinded observers who were able to distinguish CFTR-specific from 
isotype staining and CF from non-CF.
To further assess CFTR protein expression in peripheral blood immune cells, we measured 
CFTR protein expression using flow cytometry in whole blood immune cell samples. We 
observed clear CFTR expression in monocytes (Figure 2A) when fluorescent intensities 
of the CFTR-specific mAb were compared with the isotype matched control mAb. In 
neutrophils only a small difference was observed, suggesting limited CFTR expression 
(Figure 2A). We confirmed staining specificity in CD14+ monocytes from a healthy 
control and a patient with CF with a homozygous G542X/G542X mutation (Figure 2B). 
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Figure 1: CFTR detection in peripheral blood immune cells with confocal microscopy using a panel 
of CFTR specific antibodies

CFTR mAb 570
(1:250)
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nucleus CFTR merged
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Peripheral blood immune cells were stained for whole cell CFTR (middle panels). Nuclei were stained using 
dapi (left panels). The right panel shows a merge of all stainings. A. Detection of whole cell CFTR (red) in sorted 
monocytes and neutrophils of healthy controls using CFTR mAbs 570 (IgG1) and L12B4 (IgG2a) compared to 
their isotype matched controls. Stainings was performed concurrently. B. Whole cell CFTR (red) expression in 
peripheral blood immune cells of a healthy control compared to a patient with a G542X/G542X mutation using 
L12B4 and 570. C. Whole cell CFTR (green) expression in nasal epithelial cells of a healthy control and a patient 
with a G542X/G542X mutation using L12B4. The white arrow indicates the apical region.
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Figure 2: CFTR expression analysis in peripheral blood immune cells by flow cytometry
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Different peripheral blood immune cell subsets were stained for whole cell CFTR using mAbs 570 and/ or 
L12B4. A. Lymphocytes, monocytes, and neutrophils from healthy controls (n=3) were gated by CD14 and 
CD16 staining. Representative dotplots for these cell subsets comparing CFTR-specific (lower panel) and 
isotype mAbs (upper panel) are presented. Differences in whole cell CFTR fluorescent intensity in monocytes 
(CD14+CD16-) and neutrophils (CD14+CD16+) are shown in the histograms. B. Flow cytometric analysis of whole 
cell CFTR expression in monocytes of a healthy control compared to a patient with CF carrying a homozygous 
G542X mutation, using the CFTR mAbs 570 and L12B4.

CFTR dependent modulation of phagocyte function
To assess CFTR function in phagocytes such as neutrophils and monocytes, we first 
analyzed phagocytosis of EGFP-labelled P. aeruginosa in vitro by non-CF cells. Binding 
and uptake of P. aeruginosa was analyzed by flow cytometry upon incubation of whole 
blood immune cells with bacteria and identification of monocytes and neutrophils by 
forward and side scatter (Figure 3A shows representative examples). Opsonization of 
bacteria with serum dose-dependently mediated interactions between phagocytes 
and bacteria (Figure 3B). Association between bacteria and cells was severely reduced 
at low temperature, supporting active uptake of bacteria as primary mechanisms for 
acquisition of EGFP-positive signal by the cells (Figure 3C). These observations were 
further confirmed by confocal microscopy, which showed internalization of P. aeruginosa 
by sorted monocytes and neutrophils (Figure 3D). 
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Figure 3: W
hole blood cell phagocytosis assay by fl ow
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Heat-inactivation of serum, or blocking C3 conversion using a mAb was effective to 
reduce phagocytosis up to 50-60% supporting a role for complement in mediating P. 
aeruginosa uptake in monocytes (Figure 3E) and neutrophils (data not shown). Blocking 
of Fc-receptors did not affect P. aeruginosa phagocytosis suggesting no role for IgG-
dependent uptake in our system (data not shown). These results demonstrated that flow 
cytometry could be used to study complement-(in)dependent interactions between 
living P. aeruginosa, monocytes and neutrophils under identical conditions.
To assess a role for CFTR in phagocyte function, whole blood cells were prepared 
and incubated with serum-opsonized P. aeruginosa. We compared monocytes and 
neutrophils from healthy controls and CF patients, with or without pharmacological 
inhibition of CFTR. When P. aeruginosa was opsonized with serum that contained active 
complement, we observed that the percentage of EGFP-associated monocytes was 
higher in healthy control compared to CF monocytes (Figure 4A). These differences 
were absent when complement was inactivated by heat-inactivation of complement 
(Figure 4B). The CF phenotype was copied by pharmacological CFTR inhibition in 
healthy control monocytes, indicating that CFTR intrinsically regulates complement-
dependent phagocytosis of monocytes. CF monocytes were not affected by CFTR 
inhibition suggesting that the reduced phagocytosis in healthy control cells was not due 
to aspecific inhibitor effects. When under identical conditions neutrophils were gated, 
we observed no differences. This indicated that CFTR function was not required for P. 
aeruginosa phagocytosis by neutrophils. We also compared fMLP-induced increases of 
cytosolic calcium levels in neutrophils isolated from healthy controls and CF patients, 
but again did not find any differences, confirming that CFTR has no role in neutrophil 
function (data not shown). Together, these data support that complement-dependent 
interactions between P. aeruginosa and monocytes, but not neutrophils, are intrinsically 
regulated by CFTR.
To assess bactericidal activity of cells, we assayed the number of viable bacteria in the 
supernatant, or within intracellular compartments. When CF monocytes were used 
or when CFTR was pharmacologically inhibited in healthy monocytes, we observed a 
higher level of viable extracellular bacteria in the supernatants (Figure 4C). Remarkably, 
we found higher levels of viable intracellular bacteria when CF monocytes were used 
(or upon CFTR inhibition), even though association of bacteria with CF monocytes 
was reduced (Figure 4D). In neutrophils pharmacological CFTR inhibition resulted in a 
significant lower amount of viable bacteria in the supernatant, however no difference 
was found in intracellular CFUs. This suggested that CFTR is also required for effective 
intracellular killing of P. aeruginosa. Together, these experiments indicated that CFTR 
function is required for optimal phagocytosis and killing of P. aeruginosa by monocytes, 
but not by neutrophils. 
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Figure 4: Functional role of CFTR in the phagocytic and bactericidal capacity of monocytes
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CFTR modulates CD11b expression and phagocytosis of C3b-opsonized particles
Since we observed a reduced complement-mediated phagocytosis of P. aeruginosa, 
we determined complement receptor (CR) expression levels in CF and healthy control 
monocytes (Figure 5A). CD11c, CD35, and CD18 were not significantly different 
expressed. However, the urokinase-type plasminogen activator receptor (uPAR) and 
CD11b were significantly reduced in CF compared to healthy control monocytes. CD11b 
is a subunit of CR3 together with CD18, and interacts with uPAR, which both have an 
important role in clearance of P. aeruginosa18 Pharmacological inhibition of CFTR also 
significantly reduced expression of CD11b (Figure 5B). CD11b activation status, measured 
using a mAb against the active epitope of CD11b, was reduced in CF monocytes, but 
not statistically significantly different (Figure 5A). The urokinase-type plasminogen 
activator receptor (uPAR; CD87) was also significantly reduced in CF monocytes (Figure 
5B), but this could not be attributed to CFTR function as we also observed reduced 
uPAR expression in CF cells suggesting non-CFTR dependent activity of the inhibitor 
to control uPAR expression (data not shown). Reduced complement mediated uptake 
by monocytes, upon pharmacological inhibition of CFTR, was confirmed using C3b 
coated fluorescent latex beads (Figure 5C). We observed that the majority of beads 
were internalized by confocal microscopy in these cells under these conditions (Figure 
5D). These data indicated that CFTR is required for normal expression and function of 
complement receptors in monocytes. 

discussion

The aim of this study was to investigate whether CFTR intrinsically regulates interactions 
between P. aeruginosa and monocytes or neutrophils. We first demonstrated that CFTR 
protein is expressed in monocytes, but not evidently in neutrophils. CFTR expression 
data were strengthened by the observations that CFTR was required for complement-
dependent uptake and intracellular killing of P. aeruginosa in CF monocytes, but not in 
neutrophils. 
We clearly found CFTR protein expression in CD14+ monocytes, using confocal 
microscopy and flow cytometry. CFTR-antibody-specificity was confirmed by comparing 
CFTR expression with a matched isotype control and with cells from a patient with 
a homozygous nonsense mutation, expecting no CFTR expression. These data are 
consistent with previous reported results, which demonstrated CFTR expression 
in murine monocytes, alveolar macrophages,4;11;19 and human monocytes.4;8;9 CFTR 
expression in neutrophils is debatable according to previous reports as data are 
contradictory.4;7;9-11 We observed limited or no CFTR-specific staining in neutrophils by 
flow cytometry or confocal microscopy when CFTR-specific mAbs were compared with 
isotype control mAbs. 
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The use of CFTR expression analysis in peripheral blood cells for diagnostic purposes 
appears limited for now, since we did not find differences in total CFTR expression 
levels between PBMCs from patients with a homozygous F508del mutation and healthy 
controls. The development of antibodies that recognize extracellular epitopes of 
CFTR may be useful to diagnose CF and monitor effects of CFTR-restoring drugs using 
peripheral blood mononuclear cells. Yet collectively, our data further supported previous 
data indicating CFTR expression in monocytes, but not or limited in neutrophils.
In addition to our CFTR expression data in phagocytes, functional analysis of these cells 
showed that optimal bactericidal activity of monocytes, but not neutrophils, is dependent 
on intrinsic CFTR function. CF monocytes display reduced complement-dependent 
phagocytosis of P. aeruginosa, however ex vivo comparisons between healthy controls 
and CF conditions are biased by chronic infections and inflammatory responses, which 
prevent conclusions on the direct role of CFTR. However, since we also observed that 
these results were phenocopied upon CFTR inhibition in healthy control monocytes, our 
data would support an intrinsic role for CFTR in monocyte functions. CFTR inhibition 
showed no impact in neutrophils, CF monocytes, or when complement-inactivated 
serum was used suggesting that no aspecific effects of the inhibitor were present on 
phagocytosis in our experimental approach. As uptake by monocytes and neutrophils 
was studied in the same experimental tube, our data would strongly suggest that CFTR 
selectively regulates complement-dependent uptake of particles by monocytes, but not 
neutrophils. Since we have also shown that CFTR protein is relatively less expressed in 
neutrophils compared to monocytes, differential functionality between both phagocyte 
populations could be a result of differential CFTR expression levels. 
Our data points out that CFTR function in monocytes is required for optimal interaction 
with complement-opsonized particles. Reduced uptake of P. aeruginosa was prevented 
by heat inactivation of complement, suggesting that fragments of the complement 
system differentially interact in a CFTR-dependent fashion with monocytes. We used 
purified C3b-coated inert latex particles to pinpoint CFTR-dependent phagocytosis to 
interactions with the C3b opsonin. Indeed, we observed that C3b-binding complement 
receptors were reduced in CF monocytes, both upon ex vivo comparison and by CFTR 
inhibition.
Although we found limited uptake of bacteria in CF conditions for monocytes, we 
observed that the number of viable intracellular bacteria retrieved from these cells 
was increased, suggesting a role for CFTR in both uptake and intracellular killing 
of P. aeruginosa in monocytes, but not neutrophils. However, inhibition of CFTR 
in neutrophils from healthy subjects reduced the number of viable extracellular P. 
aeruginosa, whereas uptake of P. aeruginosa or C3b-coated beads was not different. 
This may suggest that CFTR inhibitor 172 negatively affects PAO1 viability, and that the 



Chapter 698

increase of viable bacteria in supernatants upon treatment of monocytes with CFTR 
inhibitor 172 is somewhat underestimated. Reduced phagocytosis and intracellular 
killing of P. aeruginosa by monocytes are consistent with murine studies that show 
that bacterial killing by murine CFTR-/- alveolar macrophages, but not neutrophils, is 
impaired.4;13-15 We also showed CFTR expression to be punctuate and within the cell 
boundaries using confocal microscopy, which indicates that CFTR was localized at 
intracellular vesicles. It has previously been shown that lysosomal acidification in CFTR 
deficient murine alveolar macrophages is reduced, which led to increased lysosomal pH 
and hampered efficient killing of microbes.4;13-15 However, the mechanisms controlling 
intracellular killing are still debated, since careful analysis by others could not confirm 
this phenotype.20;21 The data shown here would support previous observations that 
intracellular killing of pathogens by human CF monocytes is reduced.
Complement and CR3 (CD11b/CD18) play an important role in clearance of P. aeruginosa 
in mice and man. Mice lacking the complement component C3 display higher mortality 
rates upon infection with P. aeruginosa22 and polymorphisms within C3 have been 
found associated with P. aeruginosa infection in CF patients.23 Patients with leukocyte 
adhesion deficiency, who are deficient for CD18 expression (other subunit of CR3), 
show increased susceptibility for infections with P. aeruginosa.24 It has been shown that 
phagocytosis of non-opsonized P. aeruginosa strains also involves CR3.25 Furthermore, 
CD87 (uPAR), which we also found to be reduced in CF monocytes (uPAR), has been 
found to be crucial for P. aeruginosa clearance in mice as well.23 We observed a trend 
towards reduced uptake of non-opsonized P. aeruginosa in CF monocytes, but this was 
not statistically significant. Furthermore, CR3 interacts with several other receptors 
involved in phagocytosis, such as the Fcy receptor (FcyR) IIIB and uPAR.18 Altogether, 
these data support that loss of CFTR-dependent complement-mediated phagocytosis 
by monocytes impact infection susceptibility in CF.

conclusion

We found CFTR protein expression in monocytes, but limited or not in neutrophils. Our 
data did not reveal a functional role for CFTR in neutrophils, but indicated that CFTR 
is required for optimal complement-dependent phagocytosis and intracellular killing 
of P. aeruginosa by monocytes. These data suggest that CFTR-dependent alterations 
in interactions between complement-opsonized P. aeruginosa and monocytes may 
contribute to enhanced infection susceptibility in CF patients. 
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suPPlementAry mAteriAl And methods

Buffers and reagents
Reagents
- DMSO (Sigma Aldrich, MO, USA)
- Dapi (Sigma Aldrich)
- Ficoll (GE Healthcare, Uppsala, Sweden)
- IgG-Fc fragments (ITK, Uithoorn, the Netherlands)
- L-glutamin (Invitrogen, CA, USA)
- Mouse serum (Jackson Immunoresearch, Suffolk, UK)
- Paraformaldehyde (Klinipath, Duiven, Netherlands)
- Rabbit serum (Jackson Immunoresearch)
- RPMI-1640 (Invitrogen)
- Triton x-100 (Sigma Aldrich)
- Fluoresbrite YG Streptavidin conjugated Microspheres (2 µm, Polysciences, 

Eppelheim, Germany)
- EZ-Link Maleimide-PEG2-Biotin reagent (Thermo Scientific)
- Trypan Blue Solution 0.4% (Invitrogen)

Buffers
- Erythrocyte lysis buffer: NH4Cl [8.3 g/L], KHCO3 [1.0 g/L], pH 7.4
- FACS buffer: PBS containing 0.2% FCS and 0.1% Sodium azide
- Freezing medium: 90% FCS and 10% DMSO (Sigma Aldrich)
- RPMI-1640 wash buffer: RPMI-1640 containing 2% FCS and 1% L-glutamin, 100 U/ml 

Penicillin and 100μg/ml Streptomycin
- MACS buffer: PBS containing 0.5% BSA and 2 mM EDTA
- Cytofix (BD Pharmingen, CA, USA)
- Perm Wash Buffer (BD Pharmingen)

Antibodies
- Cluster of differentiation (CD) specific antibodies: CD14 PB (Biolegend, CA, USA), 

CD3 FITC, CD14 APC, CD19 APC (BD Biosciences, CA, USA), and CD16 FITC (sanquin), 
CD87 APC, CD11b PE (clone ICRF44), CD11b ae PE (clone CBRM1/5), CD11b APC 
(eBioscience, CA, USA), CD11c APC, CD18 FITC, CD35 FITC (Immunotools, CA, USA)

- mAb against CFTR: L12B4 (IgG2a; Chemicon, MA, USA) and 570 (IgG1; Cystic Fibrosis 
Foundation Therapeutics, MD, USA). 

- Secondary goat-anti-mouse IgG1 and IgG2a antibodies conjugated with Dylight649 
(Jackson Immunoresearch). 

- mAb against Fc receptors CD16 (clone 3G8) and CD32 (clone IV.3) (BD Biosciences)
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Peripheral blood immune cell isolation
Whole blood immune cells were isolated using an erythrocyte lysis buffer. Peripheral 
blood mononuclear cells (PBMCs) were isolated by density gradient centrifugation using 
Ficoll. Neutrophils were isolated upon Ficoll separation of PBMCs and erythrocytes 
lysis from the remaining neutrophil/erythrocyte layer. Isolated cells were washed and 
resuspended in RPMI-1640 wash buffer. Cells were used freshly or stored at -150oC in 
freezing medium. Functional assays were always performed with freshly isolated cells. 
Viability of cells was regularly checked using Trypan Blue 0.4%, which yielded around 
95%. For the majority of the experiments whole blood immune cells were isolated, 
which ensured identical experimental conditions among different cell populations. The 
different cell populations from whole blood were selected by flow cytometry based 
on scatter profiles. Only for counting viable bacteria in supernatants and intracellular, 
neutrophils were isolated separately. We regularly checked for mononuclear cells in 
neutrophil preparations and vice versa using Türk’s solution and purities were always 
beyond 95%. For assessing CFTR expression by confocal microscopy in monocytes and 
neutrophils from healthy subjects, cells were isolated from whole blood and then sorted 
as described below. Complement receptor expression in monocytes was performed on 
thawed PBMCs to ensure identical staining conditions for the different samples.

Cell sorting
Following isolation of whole blood immune cells using an erythrocyte lysis buffer, cells 
were washed with MACS buffer. Subsequently, blocked in MACS buffer containing 10% 
mouse serum and stained for CD3 (Sanquin, Amsterdam, the Netherlands), -14 (BD 
Biosciences, CA, USA), -16 and -19 (Sanquin). Following CD-marker specific staining, 
immune cells were negatively sorted by FACS (FACS Aria, BD Biosciences) to prevent 
detection of surface markers by secondary antibodies when CFTR was intracellularly co-
stained. The purity of the negatively sorted populations, determined by FACS reanalysis 
of an aliquot of sorted cells was >95%. 

Opsonization of bacteria
The EGFP-labeled P. aeruginosa strain PAO1 was cultured as has been previously 
described and allowed to grow until the mid-logarithmic phase (OD 0.6 at 600 nm) 
(1). Bacteria were opsonized by 4% serum, which was pooled from CF patients with a 
history of P. aeruginosa infection. Inactivation of complement in serum was performed 
by heating serum samples at 56⁰C for 30 minutes. Inhibition of the complement system 
was verified by incubation of serum with a mAb blocking C3 conversion into C3a and 
C3b (60 μg/ml; anti-C3-2; Sanquin) for 20 minutes prior to opsonization of bacteria.
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Preparation of C3b-coated beads
C3b was biotinylated at its reactive thioester domain as described previously with minor 
modifications (2). In short, native human C3 was first isolated from human plasma (3) 
and subsequently converted to C3b by limited digestion with trypsin for 10 min at 37 
°C in the presence of the biotinylation reagent EZ-Link Maleimide-PEG2-Biotin reagent 
(Thermo Scientific). This resulted in site-specific biotinylation of C3b at Cys1010. 
Biotinylated C3b was subsequently purified by anion-exchange chromatography over a 
Mono-Q column. Biotinylation of the C3b alpha chain was confirmed by Immunoblotting 
using PO-conjugated streptavidin. Fluorescent Streptavidin beads (2 µm, Polysciences, 
Eppelheim, Germany) were washed in PBS containing 1% BSA. Subsequently, beads 
were incubated with biotinylated C3b (1 μg/ml) for 60 minutes at 4⁰C in PBS containing 
0.1% BSA. Beads were washed using PBS containing 1% BSA and resuspended in RPMI 
1640. Bead concentration and correct labelling of beads with C3b was confirmed by 
flow cytometry using anti-C3b antibodies.  

Pharmacological CFTR inhibition
Phagocytosis and killing assay
Pharmacological inhibition of CFTR in immune cells was performed by pre-treatment of 
cells with 50 μM CFTR(inh)172 for 60 min.
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suPPlementAry figures

S1: Overview of CFTR detection in monocytes with confocal microscopy using L12B4

CFTRnucleus

CFTR 
mAb
L12B4

mIgG2a
isotype
control

merge

Peripheral blood monocytes were stained for whole cell CFTR using L12B4. Nuclei were stained using dapi (left 
panels). The right panel shows a merge of all stainings. 
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 summArizing discussion

In this thesis, we investigated the association between exercise, infection and 
inflammation in patients with CF (see also Figure 1 in Conclusions and future directions), 
since they have been described to be interconnected.1 Patients with CF spend a lot of 
time in physical exercises to maintain physical fitness, since exercise capacity declines 
during lifespan and has been described to be a good predictor of morbidity and mortality 
in CF patients.2-4 Cystic fibrosis is a complex genetic disease affecting multiple organs, 
and displays a complex chronic interplay between infection and inflammation during 
their lifetime. The genetic mechanisms that contribute to chronic infections remain 
unclear, and whether exercise can directly affect cellular consequences of the basic 
defect of CF is unknown. 
The research presented in this thesis shows that regular physical exercise not always 
leads to improvements of physical fitness in adolescents with CF and may even enhance 
susceptibility for pulmonary infections with P. aeruginosa in some patients. We found 
that CFTR dysfunction in patients with CF leads to an impaired phagocytosis and killing of 
P. aeruginosa by monocytes, which likely contributes to the chronic infectious status of 
CF patients. We did not find evidence that exercise could directly modulate phagocytic 
effector function at the level of individual cells. This may suggest that exercise modifies 
infectious susceptibility through modulation of phagocyte cell levels at target organs, 
rather than intrinsic cell function.

The main findings of this thesis are: 
· Exercise capacity of adolescents with CF is comparable to that of age-matched 

healthy controls at the age of 12 years old, however it declines with 20% during 
adolescence (Chapter 3).

· P. aeruginosa colonization and IgG levels negatively affect the exercise capacity 
in adolescents with CF, independent of pulmonary function and nutritional status 
(Chapter 3).

· A reduced exercise capacity associates with higher mortality, a steeper decline 
in pulmonary function and a higher increase in IgG levels in adolescents with CF 
(Chapter 3).

· Exercise training responses are negatively associated with P. aeruginosa colonization 
and IgG levels in adolescents with CF (Chapter 4).

· Regular exercise increases susceptibility to pulmonary P. aeruginosa infections in 
mice without affecting innate phagocytic function (Chapter 5).

· CFTR is expressed in peripheral blood mononuclear cells, but not or only limited in 
neutrophils (Chapter 6).

· CFTR regulates optimal complement-mediated phagocytosis and killing of P. 
aeruginosa by monocytes, but not neutrophils (Chapter 6).
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Immune modulation by exercise in cystic fibrosis
A single exercise session
In both healthy subjects and individuals suffering from chronic inflammatory diseases, 
exercise affects disease incidence by modulating the immune system, in an exercise-
intensity dependent fashion.1;5-8 Exercise induces a systemic leukocyte response with 
overlapping characteristics of an inflammatory response to pathogens or trauma, which 
is different between people with distinct levels of physical fitness (Chapter 2).1;5-8 

Inflammation can be defined as the body’s immediate response to tissue- and cell 
damage by pathogens, noxious stimuli such as chemicals or physical injury, that is 
associated with leukocytosis in peripheral blood, and production of inflammatory 
mediators.9   In most cases, acute inflammatory responses are provoked by local infections 
with pathogens and lead to recruitment of immune cells that remove pathogens and 
facilitate tissue-repair. When the inflammatory stimulus is severe or very intense (e.g. 
sepsis, trauma), a reduced responsiveness of immune cells to new inflammatory stimuli 
(immune tolerance) can be observed in the days following the event.10 
A single exercise session is, in a somewhat similar fashion, associated with an 
inflammatory response that resolves within a few hours after cessation of the exercise 
session. It is characterized by transiently enhanced circulating levels of cytokines, 
chemokines and leukocytes with an activated phenotype.6 It likely plays a role in 
healing of damaged muscle tissue that harbor increased numbers of immune cells 
after exercise.1;5-8 Furthermore, cytokines play a role in glucose homeostasis during 
exercise.1;5-8  Immune tolerance of leukocytes to inflammatory stimuli can be observed 
post-exercise as well, especially when the exercise intensity has been vigorous or very 
prolonged.1;5-8 These observations indicate that exercise functionally modifies the 
immune system (Chapter 2).
The inflammatory response induced by single exercise session is more pronounced and 
persists longer in patients with CF compared to healthy controls.11-14 Whether this leads 
to an exacerbation of inflammation that is already present in patients with CF, remains 
questionable, since exercise-induced inflammation may only represent recruitment 
of leukocytes with an activated phenotype towards peripheral blood. Furthermore, 
cells may be recruited from the lungs to peripheral blood,15 which may even reduce 
inflammation-related lung damage in patients with CF (Chapter 2). 

Regular physical exercise
Since exercise functionally modifies the inflammatory response and induces immune 
tolerance, it could be a tool to modify the course of diseases associated with chronic 
inflammation and sustained tissue damage.1;5-8 Such an approach could only be 
beneficial when the presumed anti-inflammatory effects of exercise-induced immune 
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tolerance would outweight i) the acute pro-inflammatory effects of exercise, which could 
exacerbate tissue damage and ii) do not compromise effective defense to pathogens. 
Chronic inflammation is a prolonged, dysregulated and maladaptive response that 
involves active inflammation, tissue destruction and attempts at tissue repair. It can be 
observed when immune-activating stimuli remain present for long times, e.g. in auto-
immunity or when pathogens chronically infect tissue.9 The latter is also observed in the 
lungs of patients with CF.16;17 
Regular exercise of moderate intensity leads to a reduction in basal levels of systemic 
inflammatory markers (anti-inflammatory state) and a reduced incidence of diseases 
such as atherosclerosis, obesitas, certain cancers and viral infections, whereas regular 
high intensity exercise is related to an increased incidence of these diseases.1;5-8 

Inflammatory responses to a single exercise session are also reduced after a period of 
regular exercise of moderate intensity.18;19 Immune cells, visceral fat and skeletal muscles 
adapt to exercise stimuli and produce lower amounts of pro-inflammatory and higher 
amounts of anti-inflammatory modulators. 1;5-8 Furthermore, lower circulating levels of 
activated immune cells are observed and levels of immune cells which are associated 
with immune tolerance, such as Tregs, increase.5 These adaptations likely play a role in 
limiting clinical expression of diseases which are associated with inflammation (Chapter 
2).  
Optimal modulation of chronic inflammatory conditions by exercise programs will 
likely require a highly personalized approach that integrates e.g. disease etiology, 
physical fitness levels and active disease characteristics. Immune tolerance induced by 
regular exercise would be beneficial for patients with CF if it would induce tolerance 
to a certain level without affecting bacterial clearance. However, regular exercise of 
moderate intensity might exert different inflammatory responses in patients with 
chronic inflammatory conditions or when performed during active disease (e.g. 
pulmonary exacerbation). For example, patients with CF show more pronounced and 
persistent inflammatory responses induced by single exercise session compared to 
healthy controls.11-14 More evidence is required to firmly establish which immunological 
parameters and pathways are regulated by (regular) exercise in patients with CF, how 
this relates to responses in healthy individuals, and how this will impact infection 
susceptibility. Better understanding of these mechanisms will be crucial for identifying 
patient-specific parameters that can be used to tailor individual exercise programs to 
optimize exercise-induced immune modulation (Chapter 2). 

Effect of chronic infection and inflammation on physical fitness in cystic fibrosis
During adolescence exercise capacity declines annually with 3.23% in patients with 
CF. When subjects with CF turn 18 years old, their exercise capacity is 80% of that 
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of age-matched healthy controls (Chapter 3). Since exercise capacity is an important 
determinant of morbidity and mortality in patients with CF, identification of modifiable 
determinants of exercise capacity is of potential value. Pulmonary function20-25 and 
nutritional status20-23 are already known determinants of exercise capacity in patients 
with CF. We observed that P. aeruginosa colonization and IgG levels negatively affected 
exercise capacity, independently of lung function and nutritional status (Chapter 3). 
Both aerobic and anaerobic training have the potential to improve exercise capacity, 
pulmonary function and quality of life in patients with CF. However responses to 
regular physical exercise are heterogeneous among patients (Chapter 4) and different 
studies.26;27  We observed that adolescents with CF could improve from regular exercise, 
but only if the infection and inflammation status was low (Chapter 4). However due 
to the small sample size we were not able not control for confounders, such as lung 
function. Whether chronic infection and inflammation affected trainings responses, 
independently of for example lung destruction, is therefore unknown. 
How chronic inflammation and infection exactly lead to a reduced exercise capacity 
and exercise training response remains poorly understood. CFTR expression has been 
identified in skeletal muscle tissue,28 suggesting that CFTR dysfunction in muscles could 
directly impair exercise capacity in CF patients. However, this appears unlikely as we 
observed that 12 years old children have similar exercise capacity compared with age-
matched subjects with CF. In addition, we observed no relation between CFTR genotype 
and exercise capacity decline in adolescents with CF. It must be noted that measurement 
of patient-specific residual CFTR function might be a better way to investigate CFTR 
as a determinant of the exercise capacity in patients with CF, since function probably 
varies among patients with the same mutation. Together, these observations suggest 
that impaired exercise capacity in patients with CF is not a direct consequence of CFTR 
dysfunction in muscle, but muscle CFTR may be required for responses of these cells to 
inflammation.
CF-associated chronic systemic inflammation and pulmonary infections may lead to a 
catabolic state affecting skeletal muscle function and this may also hamper patients 
to improve from regular physical exercise.29-32 It has been clearly demonstrated that 
various pro-inflammatory cytokines, such as TNF-α and IL-6, lead to cachexia.33 Since a 
single exercise session leads to a more pronounced inflammatory response in patients 
with CF compared to healthy controls,13;14 the increased production of pro-inflammatory 
cytokines may negatively affect skeletal muscle function. These effects might be more 
pronounced when inflammation and infection status is high. 
Recent insights indicate that CFTR is also expressed in immune cells.34-38 CFTR expression 
in immune cells may directly be related to infectious pressure and inflammatory 
responses to microorganisms. This may contribute to inflammation-induced muscle 
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wasting and therefore interact with physical fitness in patients with CF. It is expected 
that mechanisms that control infection and inflammation in the immune system, either 
CFTR-dependent or CFTR-independent, may contribute to the observed reduction of 
exercise capacity in adolescents with CF.

Modulation of bacterial infection susceptibility by exercise
Mortality and morbidity in patients with CF mostly result from chronic pulmonary 
infections caused by multiple micro-organisms, especially P. aeruginosa, which ultimately 
infects up to 85% of CF patients.20-23 Regular moderate exercise may slow or reduce P. 
aeruginosa colonization, associated inflammation and tissue remodelling. Surprisingly, 
in a randomized controlled mouse study we found that regular voluntary exercise 
prior to a pulmonary infection with P. aeruginosa enhances P. aeruginosa infection 
susceptibility, whilst the phagocytic capacity of pulmonary or spleen monocytes and 
neutrophils remained unaffected (Chapter 5). These data support the hypothesis that 
regular physical exercise impairs the responsiveness of the immune system to invading 
pathogens, which may be reflected by the lowered responsiveness to inflammatory 
stimuli observed post-exercise. Since we did not find a change in innate immune function 
at the level of individual cells, these data could be explained by reduced numbers of 
pulmonary phagocytes. Immune cells are recruited to blood during a single exercise 
session and may therefore lead to reduced numbers of cells in the periphery, such as 
the lungs.6

Our data are in contrast with previous literature that showed a reduced viral infection 
susceptibility in animals and humans after regular moderate exercise.1;5-8 Although, it is 
difficult to establish whether the exercises performed by mice were of a moderate intensity, 
exercises had a voluntary character and muscle enzyme analyses were comparable 
to those found in other mice studies, suggesting that the performed exercises were 
indeed moderate. However, we used a high-dose acute bacterial infection model, which 
is clearly different from viral infections. Furthermore, this acute infection model does 
not accurately resemble the clinical situation in patients with CF who mainly suffer from 
chronic infections with P. aeruginosa and related tissue damage.39-41 In a chronic infection 
model with P. aeruginosa42 the effect of regular exercise might be completely different. 
In conclusion, regular moderate exercise in mice does not modify phagocyte function at 
the level of individual cells, but does negatively affect bacterial infection susceptibility. 
Although this mice model cannot be directly generalized to patients with CF, since the 
model was investigated in healthy mice and the P. aeruginosa infection model used was 
not completely representative for chronic P. aeruginosa infections in patients with CF, 
our findings suggest that patients, suffering from acute bacterial infectious diseases, 
should be encouraged to engage in exercise and physical activities with caution. 
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Role of CFTR in innate immune defence against P. aeruginosa
In recent years, CFTR expression has been demonstrated in various non-epithelial cell 
types indicating that CF pathophysiology may directly result from impaired function of 
non-epithelial tissues. Mouse studies have indicated CFTR expression in monocytes, 
alveolar macrophages34;38;43 and neutrophils.34 The role for CFTR in human immune cells 
has been intensely debated over the last years, especially its role in phagocytic cell 
subsets.34-38 

CFTR probably contributes to the inflammatory disbalance directly, since patients with 
CF display a hyper-inflammatory phenotype, even in absence of clinically detectable 
infections.16 Furthermore, from previous literature we already know that CF alveolar 
macrophages produce higher levels of pro-inflammatory mediators upon stimulation 
with pathogen-derived products, suggesting a direct role for CFTR in establishing chronic 
inflammation as well.16;17 For a long time, neutrophils were thought to play a central role 
in this inflammatory disbalance, since high numbers of neutrophils are observed in CF 
lungs.16 However, we now show that CFTR is not expressed in neutrophils and, maybe 
even more importantly, bactericidal capacities of CF neutrophils are preserved. We 
confirmed that CFTR is evidently expressed and functional in monocytes. CFTR deficiency 
in monocytes intrinsically affects killing and uptake of complement-opsonized particles 
as demonstrated by a reduced uptake of complement-opsonized P. aeruginosa by CF 
monocytes or when CFTR was pharmacologically inhibited. These findings were further 
substantiated by a reduced phagocytosis of C3-opsonized beads by CFTR deficient 
monocytes, indicating that CFTR intrinsically affects cellular responses to complement. 
We pinpointed lowered expression of complement receptor 3 as a mechanism for these 
observations. We are the first who observed a role for CFTR in complement-mediated 
uptake, but how CFTR exactly leads to a reduced expression of complement receptor 3 
remains to be elucidated (Chapter 6).
These data indicate that CFTR deficiency in monocytes could contribute to pulmonary 
infection susceptibility to P. aeruginosa. However, CF patients do not display a general 
immunodeficiency as infections are mostly limited to tissue where CFTR is expressed 
in epithelia such as the pulmonary system. It is likely that the role for a pulmonary 
niche with viscous mucus, reduced mucociliary clearance leading to acquisition of P. 
aeruginosa is needed to establish an infection with P. aeruginosa, but once settled 
reduced bactericidal capacities of CF monocytes, or their tissue-related counterparts, 
lead to impaired elimination. 

conclusions And future directions

In general, regular physical exercise can lead to improved physical fitness levels and 
is associated with a better prognosis in patients with CF. Based on these observations 
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guidelines have been developed, which encourage all patients with CF to engage in 
physical exercises, regardless ones clinical status. However, in this thesis we show that 
regular physical exercise might not be as harmless as it has been thought to be (findings 
of this thesis are summarized in Figure 1). 

Figure 1: Connections between exercise, infection and inflammation investigated in this thesis

Infection & InflammationInnate immune defense

PrognosisRegular exericse Exercise capacity

Cystic fibrosis

These results might have practical consequences for future training guidelines in patients with CF.

Regular exercise is beneficial for patients with cystic fibrosis, but it is unclear what the 
best exercise regimen is
Although exercise capacity positively associates with prognosis2-4 and physical training 
can lead to improvements in exercise capacity in patients with CF,26;27 until now it is 
unclear what the best physical training regimen is. Many issues remain therefore to be 
solved in this field.
Only very few randomized controlled trials, in which different exercise training regimens 
were used with regard to duration, setting (home vs. hospital), disease severity of 
patients, intensity and modality (aerobic vs. anaerobic), have been published. 26;27 

To investigate which exercise training regimen leads to the most optimal responses, 
different regimens should be compared in randomized controlled trials.
Oxygen supplementation during exercise has also been suggested to be of additional 
value to existing exercise training regimens. It has been suggested to lead to better 
tolerance of high levels of physical training intensities and therefore also to better 
exercise training responses.44 However, until now studies suggest little or no positive 
effects of oxygen supplementation on cardiopulmonary exercise test outcomes and 
exercise training responses in individuals with COPD44 and patients with CF.45;46 
Another technique which has been thought to be of additional value, to existing exercise 
training regimens, is inspiratory muscle training. A poor nutritional status leads to 
reduced fat-free mass which affects skeletal muscle function as well in patients with CF. 
However, inspiratory muscle strength is often preserved, probably due to inspiratory-
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muscle training caused by high airway resistance.22;47 However, with progressing 
disease, inspiratory muscle strength declines after all. The value of inspiratory muscle 
training remains questionable. Evidence is weak, contrary results are shown and good 
randomized controlled trials are lacking.48;49 Furthermore, patients have not been 
selected properly, since effects can only be expected in patients with advanced CF 
disease. 
To expect an effect of physical training, duration should be at least 12 weeks and follow-
up post-training should be at least 1 year to evaluate long-term outcomes. General 
guidelines advise moderate to vigorous exercises in healthy adults or light to moderate 
exercises in very deconditioned patients and should increase gradually over time.50 
Exercise intensity and volume should therefore be individually assessed based on 
patients actual physical fitness levels.50 
Furthermore, the physical training regimen should be feasible, otherwise it will lose its 
potential to lead to positive effects. Compliance to physical training programs is often 
low, especially in adolescent patients with CF.26;27 Exercise training programs should 
be feasible to implement in daily life, fun to do and should have enough potential to 
lead to optimal physical fitness levels. Exercises above the ventilatory threshold have 
particularly been described to lead to low adherence.50 Exercise prescriptions should 
therefore be assessed on an individual basis.

Acute exercise may exacerbate inflammation and enhance infection susceptibility in 
patients with cystic fibrosis
The inflammatory response, induced by a single exercise session, is more pronounced 
and persists longer in patients with CF compared to healthy controls.11-14 Whether this 
results in an enhanced susceptibility to P. aeruginosa, aggravation of inflammation and 
associated tissue damage, should be investigated in more detail. Acute exercise should 
maybe encouraged with caution during periods of active infection in patients with 
CF (e.g. pulmonary exacerbation) or patients with inflammation above certain levels. 
With the use of randomized controlled trials, patients with different levels of disease 
status (e.g. inflammation, infection) should be compared with regard to their response 
to a single exercise session (e.g. level of immune activation, innate immune function 
especially of monocytes). 
Furthermore, more research is needed to define what exercise intensity and duration 
can be assigned as ‘moderate’ in patients with CF to prevent excessive exercise-induced 
immune responses. Levels of infection and inflammation at which regular physical 
exercise can be performed safely need to be investigated, leading to improvements 
in physical fitness without aggravating already existing inflammation and increasing 
infection risk. Moreover, it should be assessed when physical exercise can be continued 
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safely again during or after periods of infectious exacerbations. Clinical parameters 
and parameters of inflammation (e.g. CRP, neutrophils, monocytes) might be helpful in 
defining this time point. 

Regular exercise might be detrimental to patients with severe infections and 
inflammation
Although regular physical exercise can have beneficial effects in patients with CF and 
no detrimental effects have been reported previously,26;27 we show that regular physical 
exercise can lead to an increased infection risk for P. aeruginosa in mice. Similar studies 
in CF mouse models could indicate whether these interactions are different when CFTR 
is not functional. Furthermore, the use of a chronic P. aeruginosa infection model would 
make extrapolation of the mouse data to patients with CF better possible.
Since the bactericidal capacities of CF monocytes are diminished, optimization of 
P. aeruginosa elimination from the lungs is important. Additionally, infection and 
inflammation can negatively influence exercise capacity and responses to regular 
physical exercise. Based on these data and the mouse experiments, patients with CF 
should be encouraged to engage in physical activities with care, especially when severe 
inflammation is present and during periods of active disease (exacerbation). Regular 
physical exercise should therefore not be encouraged to all patients with CF at any time, 
and requires further investigation. 
For future research it is important to reveal how infection susceptibility is affected 
by regular physical exercise. Cell numbers in different compartments of the body and 
other immune effector function should be measured. Measurement of cytokine and 
chemokine levels produced by immune cells upon stimulation with bacterial products 
might reveal changes in cell-cell interactions, which affect elimination of micro-
organisms. Future research should aim to investigate whether there is a certain level 
of physical exercise, which dampens excessive inflammation without affecting innate 
immune defence against pathogens.

Treatment of infection and inflammation should precede regular exercise training
From this thesis we can conclude that improvements from regular physical exercise can 
be expected when infection and inflammation status is low, otherwise chronic infection 
and inflammation should be treated first. Chronic infections with P. aeruginosa and 
inflammation affect exercise capacity, independently of lung function impairment. 
These data suggest a direct causal role for chronic infections and inflammation in 
reducing physical fitness, independently of lung destruction.  
Acute infections are already treated using antibiotics, but there may also be a role 
for anti-inflammatory drugs, such as NSAIDs. Although inflammation is needed to 
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eliminate micro-organisms, inflammation in patients with CF is described to be hyper-
inflammatory and excessive to a certain bacterial stimulus compared to healthy 
controls.16;17 Furthermore, inflammation is even present in absence of pathogen,16 
suggesting a potential beneficial role  for anti-inflammatory drugs. A Cochrane review 
showed that NSAIDs can reduce lung disease progression in patients with CF, especially 
in children.51 NSAIDs administered prior to exercise, might diminish exercise-related 
increases in inflammation and therefore lead to better exercise responses. However, 
this has never been investigated. Controlled trials are needed, randomizing patients for 
differences in NSAIDs doses and timing of NSAIDs administration in relation to the start 
of exercise. Furthermore, NSAIDs may be only effective in patients with inflammatory 
parameters above a certain levels. Proper selection of patients with CF is therefore 
important for future research.

Regular exercise programs should be tailored to characteristics of individual patients
Patients tailored exercise regimens should be developed based on patient-specific 
parameters such as disease status (exacerbation, pulmonary function), inflammation 
status (e.g. IgG) and infection status (e.g. P. aeruginosa colonization status). Volume, 
intensities and timing of exercise training regimens should be individually assessed and 
might lead to better responses to regular physical exercise. 
Furthermore, effects of other potential determinants such as CFTR function in skeletal 
muscle, differences in microbiome, other inflammatory markers and differences in 
innate immune function remain to be investigated in future. 
Studies investigating associations between CFTR function in skeletal muscles and 
physical fitness would be valuable, however is difficult, since it requires studies of 
skeletal muscle tissue obtained via a biopsy.31  P-magnetic resonance spectroscopy of 
skeletal muscle may be a good surrogate to study skeletal muscle metabolism in more 
detail. Skeletal muscle metabolism has already been shown to be different in patients 
with CF compared to healthy controls,52 however CFTR function cannot be measured 
using this technique.
We showed an effect of P. aeruginosa on physical fitness, which is one of the classic 
CF pathogens. However, CF is a polymicrobial disease. Other classic pathogens, 
such as Staphylococcus aureus, Haemophilus influenzae and Burkholderia cepacia 
may influence physical fitness as well. Furthermore, differences in the pulmonary 
microbiome, for example loss of community diversity or other previously unrecognized 
but clinically relevant pathogens might influence physical fitness as well and requires 
further research. 
Furthermore, we showed a negative association between IgG levels, exercise capacity 
and responses to regular physical exercise. Other inflammatory markers should be 
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measured in future studies as well. For example P. aeruginosa specific IgG levels, since 
these IgG levels will perhaps better represent infection with P. aeruginosa than IgG 
levels in general. Cytokine levels such as IL-6, TNF-alpha have been described to induce 
muscle cachexia,33 and are known to be involved in muscle metabolism.53 Identification 
of novel determinants of physical fitness will help clinicians to develop patient tailored 
exercise regimens more specifically.

CFTR dysfunction in monocytes leads to impaired elimination of P. aeruginosa, which 
may contribute to a reduced physical fitness
Dysfunctional CFTR in monocytes probably contributes to the inflammatory disbalance 
directly and increased infection susceptibility for P. aeruginosa, since we and others34-38;43 
have shown that CFTR is functionally expressed in monocytes. Since chronic infections 
and inflammation lead to a reduced exercise capacity and responses to physical training, 
CFTR dysfunction may indirectly affect physical fitness by inducing inflammation and 
impairing elimination of P. aeruginosa. Furthermore, non-CFTR dependent differences, 
associated with altered bactericidal capacities of monocytes or other immune cells, 
may further contribute to heterogeneous inflammatory and training responses among 
patients with CF. However, these hypotheses require further research. 
Whether regular moderate exercise affects P. aeruginosa infection susceptibility by 
affecting CFTR expression and/ or function in monocytes is unknown, but seems unlikely, 
since previous literature already showed no effect of a single exercise session on CFTR 
function in lung epithelial cells. However, it has been shown that exercise decreases Na+ 
reabsorption by nasal epithelium in CF patients.54;55 Ion homeostases could very well 
be important for monocyte function, but how this may relate to CFTR and bactericidal 
activity remains unclear for now. Carefully designed mouse experiments using bone 
marrow chimeric animals may be further used to indicate the role of CFTR in clearance 
of bacteria by the immune system.



Chapter 7120

reference list
1. Handschin C, Spiegelman BM. The role of exercise and PGC1alpha in inflammation and chronic disease. 

Nature 2008; 454(7203):463-469.

2. Nixon PA, Orenstein DM. The prognostic value of exercise testing in patients with cystic fibrosis. N Engl J 
Med 1992; 327(25):1785-1788.

3. Moorcroft AJ, Dodd ME, Webb AK. Exercise testing and prognosis in adult cystic fibrosis. Thorax 1997; 
52(3):291-293.

4. Pianosi P, Leblanc J, Almudevar A. Peak oxygen uptake and mortality in children with cystic fibrosis. 
Thorax 2005; 60:50-54.

5. Gleeson M, Bishop NC, Stensel DJ, Lindley MR, Mastana SS, Nimmo MA. The anti-inflammatory effects 
of exercise: mechanisms and implications for the prevention and treatment of disease. Nat Rev Immunol 
2011; 11(9):607-615.

6. Walsh NP, Gleeson M, Shephard RJ, Gleeson M, Woods JA, Bishop NC et al. Position statement. Part one: 
Immune function and exercise. Exerc Immunol Rev 2011; 17:6-63.

7. Glaser R, Kiecolt-Glaser JK. Stress-induced immune dysfunction: implications for health. Nat Rev Immunol 
2005; 5(3):243-251.

8. Ploeger HE, Takken T, de Greef MHG, Timmons BW. The effect of chronic and acute exercise on different 
inflammatory markers in children and adults with a chronic inflammatory disease: a systematic review. 
Exerc Immun Rev 2009; 15:6-41.

9. Weiss U. Inflammation. Nature 2008; 454(7203):427.

10. Biswas SK, Lopez-Collazo E. Endotoxin tolerance: new mechanisms, molecules and clinical significance. 
Trends Immunol 2009; 30(10):475-487.

11. Boas SR, Danduran MJ, McColley SA, Beaman K, O’Gorman MRG. Immune modulation following aerobic 
exercise in children with cystic fibrosis. Int J Sports Med 1999; 21:294-301.

12. Boas SR, Danduran MJ, McBride AL, McColley SA, O’Gorman MRG. Postexercise immune correlates in 
children with and without cystic fibrosis. Medicine & Science in Sports & Exercise 2000; 32(12):1997-
2004.

13. Ionescu AA, Mickleborough TD, Bolton CE, Lindley MR, Nixon LS, Dunseath G et al. The systemic 
inflammatory response to exercise in adults with cystic fibrosis. Journal of cystic fibrosis 2006; 5:105-112.

14. Tirakitsoontorn P, Nussbaum E, Moser C, Hill M, Cooper DM. Fitness, acute exercise, and anabolic and 
catabolic mediators in cystic fibrosis. Am J Respir Crit Care Med 2001; 164:1432-1437.

15. Adams GR, Zaldivar FP, Nance DM, Kodesh E, Radom-Aizik S, Cooper DM. Exercise and leukocyte 
interchange among central circulation, lung, spleen, and muscle. Brain Behav Immun 2011; 25(4):658-
666.

16. Cohen TS, Prince A. Cystic fibrosis: a mucosal immunodeficiency syndrome. Nat Med 2012; 18(4):509-
519.

17. Ratner D, Mueller C. Immune responses in cystic fibrosis: are they intrinsically defective? Am J Respir Cell 
Mol Biol 2012; 46(6):715-722.

18. Fischer CP. Interleukin-6 in acute exercise and training: what is the biological relevance? Exerc Immun Rev 
2006; 12:6-33.

19. Booth S, Florida-James GD, McFarlin BK, Spielmann G, O’Connor DP, Simpson RJ. The impact of acute 
strenuous exercise on TLR2, TLR4 and HLA.DR expression on human blood monocytes induced by 
autologous serum. Eur J Appl Physiol 2010; 110(6):1259-1268.

20. de Meer K, Gulmans VAM, Van der Laag J. Peripheral muscle weakness and exercise capacity in children 
with cystic fibrosis. Am J Respir Crit Care Med 1999; 159:748-754.

21. Klijn PH, Van der Net J, Kimpen JL, Helders PJ, Van der Ent CK. Longitudinal determinants of peak aerobic 
performance in children with cystic fibrosis. Chest 2003; 124:2215-2219.

22. Lands LC, Heigenhauser GJ, Jones NL. Analysis of factors limiting maximal exercise performance in cystic 
fibrosis. Clin Sci (Colch) 1992; 83:391-397.

23. Moorcroft AJ, Dodd ME, Morris J, Webb AK. Symptoms, lactate and exercise limitation at peak cycle 
ergometry in adults with cystic fibrosis. Eur Respir J 2005; 25:1050-1056.



Summarizing discussion and future directions 121

Chapter

 7

24. Pianosi P, Leblanc J, Almudevar A. Relationship between FEV1 and peak oxygen uptake in children with 
cystic fibrosis. Pediatr Pulmonol 2005; 40(4):324-329.

25. Shah AR, Gozal D, et al. Determinants of aerobic and anaerobic exercise performance in cystic fibrosis. Am 
J Respir Crit Care Med 1998; 157:1145-1150.

26. Bradley J, Moran F. Physical training for cystic fibrosis (review). Cochrane Database Syst Rev 2008; 23(1).

27. van Doorn N. Exercise programs for children with cystic fibrosis: A systematic review of randomized 
controlled trials. Disabil Rehabil 2009;1-9.

28. Divangahi M, Balghi H, Danialou G, Comtois AS, Demoule A, Ernest S et al. Lack of CFTR in skeletal muscle 
predisposes to muscle wasting and diaphragm muscle pump failure in cystic fibrosis mice. PLoS Genet 
2009; 5(7):e1000586.

29. Coletti D, Moresi V, Adamo S, Molinaro M, Sassoon D. Tumor necrosis factor-alpha gene transfer induces 
cachexia and inhibits muscle regeneration. Genesis 2005; 43(3):120-128.

30. Haddad F, Zaldivar F, Cooper DM, Adams GR. IL-6-induced skeletal muscle atrophy. J Appl Physiol 2005; 
98(3):911-917.

31. Bruunsgaard H, Bjerregaard E, Schroll M, Klarlund Pedersen B. Muscle strength after resistance training is 
inversely correlated with baseline levels of soluble tumor necrosis factor receptors in the oldest old. J Am 
Geriatr Soc 2004; 52:237-241.

32. Divangahi M, Matecki S, Dudley RW, Tuck SA, Bao W, Radzioch D et al. Preferential diaphragmatic 
weakness during sustained Pseudomonas aeruginosa lung infection. Am J Respir Crit Care Med 2004; 
169(6):679-686.

33. Reid MB, Moylan JS. Beyond atrophy: redox mechanisms of muscle dysfunction in chronic inflammatory 
disease. J Physiol 2011; 589(Pt 9):2171-2179.

34. Di A, Brown ME, Deriy LV, Li C, Szeto FL, Chen Y et al. CFTR regulates phagosome acidification in 
macrophages and alters bactericidal activity. Nat Cell Biol 2006; 8(9):933-944.

35. Sorio C, Buffelli M, Angiari C, Ettorre M, Johansson J, Vezzalini M et al. Defective CFTR expression and 
function are detectable in blood monocytes: development of a new blood test for cystic fibrosis. PLoS 
One 2011; 6(7):e22212.

36. Porto PD, Cifani N, Guarnieri S, Di Domenico EG, Mariggio MA, Spadaro F et al. Dysfunctional CFTR Alters 
the Bactericidal Activity of Human Macrophages against Pseudomonas aeruginosa. PLoS One 2011; 
6(5):e19970.

37. Painter RG, Valentine VG, Lanson NAJ, Leidal K, Zhang Q, Lombard G et al. CFTR expression in human 
neutrophils and the phagolysosomal chlorination defect in cystic fibrosis. Biochemistry 2006; 
45(34):10260-10290.

38. Yoshimura K, Nakamura H, Trapnell BC, Chu CS, Dalemans W, Pavirani A et al. Expression of the cystic 
fibrosis transmembrane conductance regulator gene in cells of non-epithelial origin. Nucleic Acids Res 
1991; 19(19):5417-5423.

39. O’Sullivan BP, Freedman SD. Cystic fibrosis. Lancet 2009; 373(9678):1891-1904.

40. Ratjen F, Doring G. Cystic fibrosis. Lancet 2003; 361(9358):681-689.

41. Rowe SM, Miller S, Sorscher EJ. Cystic fibrosis. N Engl J Med 2005; 352(19):1992-2001.

42. Hoffmann N, Rasmussen TB, Jensen PO, Stub C, Hentzer M, Molin S et al. Novel mouse model of chronic 
Pseudomonas aeruginosa lung infection mimicking cystic fibrosis. Infect Immun 2005; 73(4):2504-2514.

43. Bruscia EM, Zhang PX, Ferreira E, Caputo C, Emerson JW, Tuck D et al. Macrophages directly contribute to 
the exaggerated inflammatory response in cystic fibrosis transmembrane conductance regulator-/- mice. 
Am J Respir Cell Mol Biol 2009; 40(3):295-304.

44. Nonoyama ML, Brooks D, Lacasse Y, Guyatt GH, Goldstein RS. Oxygen therapy during exercise training in 
chronic obstructive pulmonary disease. Cochrane Database Syst Rev 2007;(2):CD005372.

45. McKone EF, Barry SC, FitzGerald MX, Gallagher CG. The role of supplemental oxygen during submaximal 
exercise in patients with cystic fibrosis. Eur Respir J 2002; 20(1):134-142.

46. Marcus CL, Bader D, Stabile MW, Wang CI, Osher AB, Keens TG. Supplemental oxygen and exercise 
performance in patients with cystic fibrosis with severe pulmonary disease. Chest 1992; 101(1):52-57.

47. O’Neill S, Leahy F, Pasterkamp H, Tal A. The effects of chronic hyperinflation, nutritional status, and 
posture on respiratory muscle strength in cystic fibrosis. Am Rev Respir Dis 1983; 128(6):1051-1054.



Chapter 7122

48. de Jager W, van Aalderen WM, Kraan J, Koeter GH, Van der Schans CP. Inspiratory muscle training in 
patients with cystic fibrosis. Respir Med 2001; 95(1):31-36.

49. Enright S, Chatham K, Ionescu AA, Unnithan VB, Shale DJ. Inspiratory muscle training improves lung 
function and exercise capacity in adults with cystic fibrosis. Chest 2004; 126(2):405-411.

50. Garber CE, Blissmer B, Deschenes MR, Franklin BA, Lamonte MJ, Lee IM et al. American College of 
Sports Medicine position stand. Quantity and quality of exercise for developing and maintaining 
cardiorespiratory, musculoskeletal, and neuromotor fitness in apparently healthy adults: guidance for 
prescribing exercise. Med Sci Sports Exerc 2011; 43(7):1334-1359.

51. Lands LC, Stanojevic S. Oral non-steroidal anti-inflammatory drug therapy for cystic fibrosis. Cochrane 
Database Syst Rev 2007;(4):CD001505.

52. Lamhonwah AM, Bear CE, Huan LJ, Kim CP, Ackerley CA, Tein I. Cystic fibrosis transmembrane conductance 
regulator in human muscle: Dysfunction causes abnormal metabolic recovery in exercise. Ann Neurol 
2010; 67(6):802-808.

53. Pedersen BK. The diseasome of physical inactivity--and the role of myokines in muscle--fat cross talk. J 
Physiol 2009; 587(Pt 23):5559-5568.

54. Hebestreit A, Kersting U, Basler B, Jeschke R, Hebestreit H. Exercise inhibits epithelial sodium channels in 
patients with cystic fibrosis. Am J Respir Care Med 2001; 164(3):443-446.

55. Schmitt L, Wiebel M, Frese F, Dehnert C, Zugck C, Bartsch P et al. Exercise reduces airway sodium ion 
reabsorption in cystic fibrosis but not in exercise asthma. Eur Respir J 2011; 37(2):342-348.







8
Nederlandse samenvatti  ng

Contributi ng authors

List of publicati ons

Curriculum Vitae

Dankwoord





Nederlandse samenvatti  ng





Nederlandse samenvatting 129

Chapter

 8

introductie

Cystic fibrosis
Cystic Fibrosis (CF), wat in de volksmond ook wel taaislijmziekte genoemd wordt, is 
een aangeboren (erfelijke) ziekte. Één op de dertig Nederlanders is drager van het 
CF-gen. Een drager van het CF-gen heeft zelf de ziekte niet, maar kan wel de erfelijke 
eigenschappen doorgeven aan het nageslacht. Indien beide ouders drager zijn, is 
er een kans van 1 op 4 dat het kind CF heeft. In Nederland is het een van de meest 
voorkomende erfelijke aandoeningen bij het caucasische ras. Van alle pasgeborenen 
heeft 1 op de 4750 CF. De levensverwachting is het afgelopen decennium flink gestegen 
en bedraagt nu naar schatting gemiddeld 50 jaar.
CF wordt veroorzaakt door een genetisch defect in het zogenaamde ‘cystic fibrosis 
transmembrane regulator (CFTR)’ gen. CFTR functioneert normaal gesproken als een 
chloorkanaal in het celmembraan. Afwezigheid of verminderde functie van CFTR 
leidt tot een verstoort zout- en water transport over het celmembraan, wat leidt tot 
een veranderde samenstelling en consistentie van mucus (taai slijm) in verscheidene 
organen. Ouders merken vaak op dat de huid naar zout smaakt, wat veroorzaakt 
wordt door het hoge zoutgehalte dat in het zweet aanwezig is. Aangedane organen 
zijn voornamelijk de luchtwegen, het maagdarm stelsel en het reproductieve systeem. 
Dit leidt tot  luchtweginfecties, een verminderde mogelijkheid tot het opnemen van 
voedingsstoffen,  obstipatie en een verminderde vruchtbaarheid. 

Luchtweginfecties en ontsteking in cystic fibrosis
Mortaliteit en morbiditeit bij patiënten met CF wordt voornamelijk veroorzaakt door 
chronische luchtweginfecties. Vooral infecties met Pseudomonas aeruginosa (P. 
aeruginosa) hebben een sterke negatieve invloed op de prognose van patiënten met 
CF. Uiteindelijk raakt 85% van alle patiënten met CF chronisch geïnfecteerd met deze 
bacterie. Chronische luchtweginfecties resulteren in chronische ontstekingsreacties en 
progressief longfalen. 
Hoe CF exact leidt tot chronische luchtweginfecties met P. aeruginosa is echter nog niet 
volledig opgehelderd. Taai slijm accumuleert in de longen en de veranderde samenstelling 
zorgt ervoor dat bepaalde onderdelen van het afweersysteem (anti-microbiële peptiden) 
hun functie minder goed kunnen uitvoeren. Het vormt daarom een uitstekende niche 
voor bacteriën en virussen om zich in te settelen, maar er zijn aanwijzingen dat andere 
determinanten ook bijdragen aan een verhoogde infectiegevoeligheid. CFTR zou ook 
tot expressie komen in cellen van het afweersysteem. Dit zou direct kunnen leiden 
tot een verminderde functie van het afweersysteem, waardoor bacteriën en virussen 
die de longen binnen dringen niet adequaat geëlimineerd worden. Het is echter nog 
onvoldoende onderzocht of CFTR daadwerkelijk tot expressie komt in cellen van het 
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afweersysteem en in welke cellen van het afweersysteem. Daarnaast is het niet duidelijk 
wat de functie van CFTR zou zijn in deze cellen. Of het bijvoorbeeld een rol speelt bij het 
opnemen en doden van bacteriën. 

Fysieke fitheid en fysieke training in cystic fibrosis
Afname van het inspanningsvermogen bij patiënten met CF heeft een negatieve invloed 
op de prognose. Het is daarom belangrijk fysieke fitheid te optimaliseren en op zoek te 
gaan naar determinanten die deze fysieke fitheid bepalen. Longfunctie, voedingsstatus 
en dagelijkse fysieke activiteiten levels zijn reeds bekende determinanten van fysieke 
fitheid bij patiënten met CF. Andere potentiële determinanten, zoals CFTR genotype, 
chronische ontstekingsreacties en chronische luchtweginfecties beïnvloeden mogelijk 
ook de fysieke fitheid, maar effecten van deze determinanten zijn nog onvoldoende 
onderzocht. 
Omdat achteruitgang van de fysieke fitheid een negatieve invloed heeft op de prognose, 
worden patiënten met CF gestimuleerd om deel te nemen aan fysieke activiteiten. 
Fysieke training kan leiden tot een verbetering van de inspanningscapaciteit, 
spierkracht, kwaliteit van leven en longfunctie, maar er wordt een grote verscheidenheid 
waargenomen in trainingsresponses binnen de groep patiënten met CF. Waar deze 
variabiliteit exact door veroorzaakt wordt is niet bekend. Verschillen in patiënt 
karakteristieken zouden hier mogelijk een rol in kunnen spelen. Trainingsresponses 
zijn wellicht afwezig bij patiënten die (nog) in optimale conditie verkeren of juist bij 
patiënten met een vergevorderd ziekteproces, omdat dit een belemmering vormt om 
nog te kunnen profiteren van fysieke training. 

Fysieke inspanning en het afweersysteem
Fysieke inspanning
Fysieke inspanning leidt tot een ontstekingsreactie, die enkele uren na het stoppen van 
de inspanning weer verdwijnt. De mate van toename is afhankelijk van de intensiteit en 
duur van de inspanning. De ontstekingsreactie wordt gekenmerkt door een toename 
in het aantal afweercellen in het bloed. Deze cellen spelen waarschijnlijk een rol in het 
herstellen van spierweefselschade wat optreedt tijdens inspanning en bij het vrijmaken 
van voedingsstoffen die nodig zijn voor de geleverde inspanningen. Wanneer de 
intensiteit en/ of duur van de inspanning intens is geweest, kan er na de inspanningstest 
sprake zijn van tolerantie van het immuunsysteem. Dit betekent dat het afweersysteem 
minder goed reageert op stimuli, zoals bacteriën en virussen.
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Fysieke training
Fysieke training van matige intensiteit is geassocieerd met een verminderde ziekte 
incidentie, zoals bepaalde vormen van kanker, obesitas, aderverkalking en virale 
infecties. Verder is aangetoond dat fysieke training ontstekingsreacties kan verminderen 
bij patiënten die hier chronisch aan lijden. Omdat patiënten met CF lijden aan chronische 
luchtweginfecties en ontstekingen, zouden zij wellicht ook kunnen profiteren van deze 
trainingsafhankelijke effecten op het afweersysteem. Meer onderzoek is echter nodig om 
te onderzoeken welke ontstekingsparameters gereguleerd worden door fysieke training 
bij patiënten met CF, hoe dit zich verhoudt tot de effecten die gezien wordt in gezonde 
individuen en wat voor effect dit heeft op de gevoeligheid voor luchtweginfecties. 
Fysieke inspanning leidt wellicht tot hele andere effecten bij patiënten met CF in 
vergelijking tot gezonde individuen. 

Onderzoeksvragen
De volgende onderzoeksvragen worden behandeld in dit proefschrift:
· Hoe groot is de achteruitgang in inspanningscapaciteit bij adolescenten met CF?
· Wat is het effect van infectie en ontsteking op de inspanningscapaciteit bij 

adolescenten met CF?
· Wat is het effect van infectie en ontsteking op de trainingsresponse bij adolescenten 

met CF?
· Wat is het effect van fysieke training op de infectiegevoeligheid voor P. aeruginosa 

bij muizen?
· Komt CFTR tot expressie in cellen van het afweersysteem?
· Heeft CFTR een functie in cellen van het afweersysteem?

resultAten

In dit proefschrift hebben we de relatie onderzocht tussen fysieke inspanning, 
luchtweginfecties en ontstekingsparameters bij patiënten met CF. Omdat de fysieke 
fitheid een goede voorspeller is van de prognose, spenderen patiënten met CF veel 
tijd aan fysieke activiteiten. Dit proefschrift laat echter zien dat fysieke training niet 
altijd leidt tot een verbetering van de fysieke fitheid en zelfs de gevoeligheid voor 
luchtweginfecties, veroorzaakt door P. aeruginosa, zou kunnen verhogen.
 
Belangrijkste bevindingen:
· Inspanningscapaciteit van adolescenten met CF is vergelijkbaar met die van 

leeftijdsgenoten op de leeftijd van 12 jaar, maar daalt met 3.23% per jaar gedurende 
adolescentie. Een patiënt met CF van 18 jaar oud heeft een inspanningscapaciteit 
die 20% lager ligt ten opzichte van zijn/ haar leeftijdsgenoten (Hoofdstuk 3). 
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· Achteruitgang in fysieke fitheid in adolescenten met CF wordt negatief beïnvloed door 
chronische luchtweginfecties met P. aeruginosa en ontsteking (immunoglobuline 
G levels; IgG). Indien patiënten met CF een chronische infectie met P. aeruginosa 
hebben wordt er een extra daling van 4% in de inspanningscapaciteit gezien 
(Hoofdstuk 3).

· Een verminderde inspanningscapaciteit is geassocieerd met een hogere mortaliteit, 
een grotere afname in longfunctie en grotere toename in inflammatie (IgG) 
(Hoofdstuk 3)

· Chronische luchtweginfecties met P. aeruginosa en inflammatie (IgG) zijn 
geassocieerd met een minder goede respons op fysieke training (Hoofdstuk 4).

· Fysieke training vergroot de infectiegevoeligheid voor een luchtweginfectie met 
P. aeruginosa in muizen, zonder dat de functie van het afweersysteem beïnvloed 
wordt (Hoofdstuk 5)

· CFTR komt tot expressie in het celmembraan van bepaalde afweercellen, namelijk 
monocyten. Verminderde functie of afwezigheid van CFTR in monocyten zorgt er bij 
patiënten met CF voor dat P. aeruginosa minder goed wordt opgenomen en gedood 
(Hoofdstuk 6). 

conclusies en suggesties voor toekomstig onderzoek

Fysieke training leidt over het algemeen tot verbetering van de fysieke fitheid en 
prognose bij patiënten met CF. Gebaseerd op deze resultaten zijn er richtlijnen 
ontworpen, waarin staat dat patiënten met CF aangemoedigd moeten worden om deel 
te nemen aan fysieke activiteiten. Dit promotie onderzoek laat echter zien dat fysieke 
training wellicht niet altijd even onschuldig is als wij voorheen dachten (resultaten zijn 
opgesomd in Figuur 1). 

Infectie & ontstekingAfweer systeem

PrognoseFysieke training Inspanningscapaciteit

Cystic fibrosis

Figuur 1: Connecties tussen inspanning, infectie en ontsteking, welke onderzocht zijn in dit 
proefschrift
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Resultaten van dit proefschrift hebben mogelijk praktische consequenties voor het 
opstellen van richtlijnen met betrekking tot fysieke training bij patiënten met CF.

Fysieke training leidt tot gunstige effecten bij patiënten met cystic fibrosis, maar het is 
onduidelijk wat het beste fysieke trainingsprotocol is
Ook al bestaat er een positieve associatie tussen de inspanningscapaciteit en prognose 
en leidt fysieke training tot een verbetering van de inspanningscapaciteit, longfunctie 
en kwaliteit van leven bij patiënten met CF, tot op heden is het onduidelijk wat het beste 
trainingsprogramma is. Veel vragen betreffende dit onderwerp dienen nog beantwoord 
te worden.
Verschillende fysieke trainingsmodules zouden met elkaar vergeleken moeten 
worden om te kunnen achterhalen welk trainingsprogramma zal leiden tot de beste 
trainingsresponses bij patiënten met CF. Verschillen in duur, intensiteit, volume, soort 
training (duur vs. kracht vs. ademspiertraining) en ondersteunende maatregelen 
(zuurstof) zouden daarin meegenomen moeten worden. 
Gebaseerd op bestaande richtlijnen bij gezonde individuen, zou het trainingsprogramma 
in ieder geval 12 weken moeten bedragen om een effect te kunnen verwachten en de 
follow-up zou minstens 1 jaar moeten duren om lange termijn uitkomsten te kunnen 
evalueren. Volgens algemene richtlijnen zou een matige tot intensieve of lichte tot 
matige trainingsintensiteit gebruikt moeten worden, die in tijd gradueel toeneemt. De 
trainingsintensiteit zou individueel vastgesteld moeten worden op basis van actuele 
fysieke activiteiten niveaus van het individu. 
Daarnaast is het erg belangrijk dat het fysieke trainingsprogramma ook haalbaar 
is. Het verliest anders zijn potentie om tot positieve effecten te leiden. Compliantie 
aan voorgeschreven trainingsprogramma’s blijkt vaak laag te zijn, voornamelijk onder 
adolescenten met CF. Het is belangrijk om een trainingsprogramma te ontwikkelen wat 
uitvoerbaar is naast alle andere activiteiten in het dagelijkse leven, wat leuk is om te 
doen, maar ook de potentie heeft om tot een optimale fysieke fitheid te leiden.

Fysieke inspanning leidt mogelijk tot het verhogen van de mate van ontsteking en 
infectiegevoeligheid bij patiënten met cystic fibrosis
De ontstekingsrespons na een enkele inspanningstest is heftiger en duurt langer bij 
patiënten met CF in vergelijking tot gezonde controles. Of dit ook leidt tot een verhoogde 
infectiegevoeligheid voor P. aeruginosa, verergering van al aanwezige ontsteking 
en de daarmee gepaard gaande weefselschade, moet in meer detail onderzocht 
worden. Bij aanwezigheid van een actieve infectie (exacerbatie) of bij aanwezigheid 
van ontstekingswaarden boven een bepaald niveau zou inspanning wellicht met 
terughoudendheid aangemoedigd moeten worden bij patiënten met CF. 
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Deze aanbeveling behoeft echter meer onderzoek. De ontstekingsrespons na een 
inspanningstest zou vergeleken moeten worden tussen patiënten met verschillende 
mate van infectie en ontsteking. Op basis hiervan zou vastgesteld kunnen worden 
op welk niveau van infectie en ontsteking het nog veilig is om fysieke inspanning te 
leveren, wat wel leidt tot een verbetering van de fysieke fitheid, zonder dat het de al 
aanwezige ontsteking verergerd. Meer onderzoek is ook nodig om te bepalen welke 
inspanningsintensiteit en duur als matig bestempeld kan worden bij patiënten met CF. 
Inspanning van matige intensiteit ligt wellicht op een heel ander niveau dan bij gezonde 
leeftijdsgenoten en verschilt mogelijk ook tussen verschillende individuen met CF. 
Daarnaast is het belangrijk om te weten wanneer er weer veilig gestart zou kunnen 
worden met fysieke inspanning na een periode van actieve infectie.

Fysieke training leidt mogelijk tot negatieve effecten bij patiënten met chronische 
infecties en ontsteking
Ook al leidt fysieke training tot positieve effecten bij patiënten met CF en zijn er eerder 
geen negatieve effecten gerapporteerd, wij laten zien dat fysieke training kan leiden 
tot een verhoogd infectierisico voor P. aeruginosa in muizen. Het is lastig om deze 
resultaten te extrapoleren naar patiënten met CF, omdat er bij het muismodel gebruik 
gemaakt is van een muis zonder CF. Daarnaast is de gebruikte P. aeruginosa stam, die 
gebruikt is, een stam die leidt tot een acute longinfectie, terwijl patiënten met CF met 
name lijden aan P. aeruginosa infecties die chronisch van aard zijn. Het gebruik van 
een CF muis model en een chronisch P. aeruginosa infectie model zouden daarom, in 
de toekomst, meer inzicht kunnen geven in de interactie tussen fysieke training en de 
infectie gevoeligheid voor P. aeruginosa wanneer er sprake is van CF ziekte.
Omdat de capaciteit van monocyten (afweercel) om P. aeruginosa op te nemen en te 
doden verminderd is bij patiënten met CF, is het belangrijk om P. aeruginosa eliminatie 
uit de longen te optimaliseren. Daarnaast kunnen chronische infecties en ontstekingen 
de inspanningscapaciteit en trainingsrespons negatief beïnvloeden. Gebaseerd op 
deze data en de muis experimenten, zou fysieke inspanning bij patiënten met CF met 
voorzichtigheid aangemoedigd moeten worden, wanneer er sprake is van hevige 
ontsteking en tijdens periodes van actieve infectie (exacerbatie). Fysieke training zou 
daarom niet aangemoedigd moeten worden aan alle patiënten met CF, op elk tijdstip. 
Voor toekomstig onderzoek, is het belangrijk om uit te zoeken hoe de bacteriële 
infectiegevoeligheid exact beïnvloed wordt door fysieke training. 
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Behandeling van infecties en ontsteking zou voorafgegaan moeten worden aan fysieke 
training
Uit dit proefschrift kunnen we concluderen dat verbeteringen in fysieke fitheid 
verwacht kunnen worden als de infectie en ontstekingslevels laag zijn. Behandeling van 
infecties en ontstekingen voorafgaand aan de start van fysieke training/ inspanningen 
zou wellicht kunnen leiden tot een betere trainingsresponse. Acute luchtweginfecties 
worden reeds behandeld met antibiotica, maar ontstekingsremmende middelen, zoals 
bijvoorbeeld ibuprofen (NSAIDs), zouden mogelijk ook een rol kunnen spelen. Wellicht 
leidt het geven van een NSAID voorafgaand aan een trainingssessie tot betere responses. 
Hiervoor is echter meer onderzoek nodig.

Fysieke trainingsprogramma’s zouden aangepast moeten worden naar de 
karakteristieken van het individu
Patiëntspecifieke trainingsprogramma’s zouden ontwikkeld moeten worden op basis 
van patiëntspecifieke parameters, zoals ziekte status (wel of geen acute infectie, 
longfunctie), ontstekingsstatus (b.v. IgG) en infectie status (wel of geen infectie met P. 
aeruginosa). Het individueel vaststellen van de duur, intensiteit en timing van de fysieke 
training leidt mogelijk tot betere trainingsresponses. 
Het identificeren van nieuwe determinanten die de fysieke fitheid en trainingsresponses 
beïnvloeden zal clinici in de toekomst helpen om patiëntspecifieke trainingsprogramma’s 
nog nauwkeuriger te definiëren. Het identificeren van het microbioom (totale spectrum 
van micro-organismen in de long) bij patiënten met CF zou hierbij mogelijk een 
bijdrage kunnen leveren. P. aeruginosa is een van de belangrijkste verwekkers van 
luchtweginfecties bij patiënten met CF, maar er zijn ook andere virussen en bacteriën 
die luchtweginfecties veroorzaken, waarvan we niet weten of het de fysieke fitheid 
beïnvloed. Bepaalde micro-organismen zullen wellicht juist positief bijdragen, terwijl 
andere een negatieve invloed zullen uitoefenen. Wellicht is de samenstelling van micro-
organismen wel belangrijker, dan de aanwezigheid van een enkele specifieke bacterie 
stam, zoals P. aeruginosa. Daarnaast zouden andere ontstekingsparameters, die we niet 
onderzocht hebben in dit proefschrift, een rol kunnen spelen, evenals verschillen in 
de functie van het afweersysteem. Tevens zijn er aanwijzingen dat CFTR tot expressie 
komt in spierweefsel. De mate van CFTR expressie in dit weefsel zou mogelijk ook een 
determinant kunnen zijn van fysieke fitheid en trainingsresponses. Meer onderzoek 
naar deze potentiële determinanten is echter nodig.
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CFTR disfunctie in monocyten leidt tot een verminderde eliminatie van P. aeruginosa, 
wat mogelijk bijdraagt aan een verminderde fysieke fitheid
CFTR disfunctie in monocyten (afweercel) draagt waarschijnlijk direct bij aan de 
chronische ontstekingsreacties en verhoogde infectie gevoeligheid voor P. aeruginosa, 
die worden waargenomen bij patiënten met CF. 
Omdat chronische infecties en ontstekingen leiden tot een verminderde 
inspanningscapaciteit en response op fysieke training, beïnvloedt disfunctioneel CFTR 
mogelijk ook indirect de fysieke fitheid bij patiënten met CF. Meer onderzoek is echter 
nodig om deze statements te onderbouwen.
Of fysieke training de infectiegevoeligheid voor P. aeruginosa beïnvloed door CFTR 
expressie/ functie in monocyten te beïnvloeden is niet bekend, maar lijkt onwaarschijnlijk, 
omdat eerdere literatuur al heeft laten zien dat een enkele inspanningstest geen invloed 
heeft op CFTR functie in de longen.
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Na vele letters op papier gezet te hebben, rest mij een dankwoord te schrijven aan een 
ieder die heeft bijgedragen aan deze bijzondere tijd met dit proefschrift als eindresultaat. 
Waar zal ik beginnen…

Ten eerste, alle patiënten met CF die meegedaan hebben aan het MOVIT en CFTR 
onderzoek. Zonder jullie, geen resultaten, geen proefschrift. De manier waarop jullie 
graag een steentje bij willen dragen aan verbetering van zorg rondom CF, vind ik 
bijzonder. Zonder enige aarzeling werd er vaak besloten om mee te doen. 

Alle deelneemsters aan Schaatsen voor Lucht. Zonder jullie, geen geld, geen onderzoek, 
geen proefschrift. Wat een girlpower! 100 tot 200 km schaatsen op de Weissensee. Een 
fantastische prestatie!

De leescommissie. Prof. Koenderman, Prof. Sanders, Prof. Lammers, Prof. Helders en 
Dr. Heijerman, bedankt voor het kritisch beoordelen van mijn manuscript. 

Promotor en copromotoren. Kors, jouw positieve kijk en frisse blik op de stof leidde keer 
op keer tot nieuwe inzichten. Ik heb veel gehad aan de manier waarop je de grote lijnen 
steeds weer zichtbaar maakte. Je hebt me de mogelijkheid gegeven om in alle keukens 
mee te kijken: kliniek, lab en zelfs dierexperimenteel onderzoek. Het was fantastisch 
om 2 maanden, samen met Lieke, in Copenhagen te mogen werken. Bedankt! Bert en 
Jeffrey, mijn twee copromotoren. De een kinderlongarts en een echte clinicus, de ander 
een wetenschapper in hart en nieren. Het beste van beide werelden. Toch hebben jullie 
meer gemeen dan jullie wellicht denken. Jullie enthousiasme voor het vak is een enorme 
stimulans voor een promovendus om tot het uiterste te gaan. Bij beiden stond de deur 
altijd open voor overleg of gewoon een gezellige babbel onder het genot van een kopje 
koffie. Bert, jouw sociale karakter heb ik altijd enorm gewaardeerd. Niet alleen toonde 
je interesse in de voortgang van het onderzoek, maar je informeerde ook altijd naar het 
thuisfront. Jeffrey, ik kan me onze eerste ontmoeting nog goed herinneren. Nog nooit 
een pipet vastgehouden, geen idee wat je met een FACS kon en hoe je een 1M oplossing 
moest maken. Je zal wel gedacht hebben, bedankt Kors… Ik had graag eens, op dat 
moment, in jouw gedachten gekeken. Ik heb echt een fantastische tijd gehad op het lab. 
Veel geleerd, niet alleen wat betreft immunologie, celbiologie en lab-technieken, maar 
ook van je schrijftechnieken en enorme gedrevenheid om van het CF-lab een succes te 
maken.
Heel graag had ik drie copromotoren gehad, maar helaas mogen er maar twee deel 
uitmaken van het begeleidende team van een promovendus. Eens en te meer heeft dit 
promotietraject laten zien dat je niet exact in het begin vast kunt stellen, hoe het traject 
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er op het einde uit zal zien. Enthousiast geworden door het werk op het lab, wist de 
immunologie zich meer en meer te verweven in het traject. Erik, niettemin, wil ik jou 
bedanken voor een prettige samenwerking. Ook jouw deur stond altijd open en ook 
jouw oneindige enthousiasme weet een ieder altijd weer te motiveren. 

Many thanks, to all people who helped me with my research in Copenhagen. Helle, 
thanks for your hospitality, support and supervision. I really enjoyed the diners with 
your family at your home, and the inspiring meetings we had. I appreciate it having you 
as an opponent during my thesis defence. Oana, also special thanks to you for your help 
and supervision in the animal and microbiology lab! Jørgen en Joachim, I want to thank 
you as well for your hospitality and support with the exercise running wheels!

Collega’s. Een uitdagende, inspirerende, leuke baan is belangrijk en maakt werken 
plezierig, maar ook collega’s leveren hieraan een zeer belangrijke bijdrage. 
Kinderlongziekten collega’s, ik mis jullie al ontzettend! Bedankt voor de leuke tijd die 
ik bij jullie heb gehad, jullie hulp en interesse in het onderzoek. Een echte uitkomst was 
het, Sabine, dat jij me als researchverpleegkundige kwam ondersteunen bij het MOVIT 
onderzoek. Longfunctie analisten, bedankt voor alle longfuncties die jullie voor het 
MOVIT onderzoek hebben uitgevoerd. Maarten, bedankt voor alle inspanningstesten 
die je voor het MOVIT onderzoek hebt gedaan. Inez en Roel, bedankt voor jullie 
hulp en het afnemen van de NPD metingen. Myriam en Sylvia, bedankt voor al jullie 
ondersteuning! CMCI collega’s, Coffer’s en collega’s van de immunologie, bedankt voor 
alle leerzame momenten en de leuke tijd die ik gehad heb op het lab. Maar natuurlijk 
wil ik vooral het Beekman lab bedanken. Florijn, Lodewijk, Marit, Jennifer en Evelien, 
zonder jullie was het me nooit gelukt alles op poten te krijgen. Marit en Lodewijk, jullie 
hebben heel veel werk verzet voor het opwerken van de bloedsamples van het MOVIT 
onderzoek, maar ook in het wegwijs maken op het lab. Bedankt daarvoor! Diecke, 
wat had ik zonder jou gemoeten? Terwijl ik met zwangerschapsverlof ging, pakte jij 
als student het onderzoek eigenhandig op. Knap hoor, zoals jij je gang bent gegaan! 
Selma, bedankt voor alle koffiemomenten, waarbij we de ins en outs van ons onderzoek 
bespraken. Succes met het afronden van jouw proefschrift! Judith, we leerden elkaar 
kennen als student bij de afdeling kinderlongziekten. Sindsdien hebben we vele 
gezellige momenten gedeeld. Ik vind het knap hoe jij je gezinsleven combineert met de 
opleiding tot kinderarts en het afronden van je proefschrift. Lieke, ik heb echt enorm 
goede herinneringen overgehouden aan onze tijd in Kopenhagen. Zelfs de aswolk van 
de vulkaan Eyjafjallajökull uit IJsland, mocht de pret niet drukken. Bedankt voor al je 
hulp bij het opzetten van het muisonderzoek! Ik zou graag nog eens een hamburger 
met je willen eten in de Laundromat. Gerdien, jij was de eerste met wie ik een 
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onderzoekskamer deelde. Jouw gedrevenheid in het afronden van je proefschrift was 
een echt voorbeeld. Anne, Kim, Jacobien, Francine en Nicole, met jullie was werken, in 
onze balzaal, elke dag een groot feest. Bij jullie kon ik altijd mezelf zijn en mijn ei kwijt. 
Jammer dat er nu een einde aan komt. Gelukkig hebben we onze etentjes nog! Wat 
zou ik zonder moeten! Anne, onze eerste ontmoeting vond plaats in het UMC, terwijl 
we stonden te wachten op onze nieuwe personeelspas. Verrassend genoeg, bleken we 
bij dezelfde afdeling onderzoek te gaan doen. Met kletsen zijn we daarna niet meer 
gestopt. Ik vond het erg fijn om alle onderzoeksperikelen met jou te kunnen delen vanaf 
de start van onze promoties. Kim, als een soort Jut en Jul, zaten we samen aan een 
bureau, waar lief en leed onverholen gedeeld werd. Ik heb echt zo ontzettend met je 
gelachen. Als jij ergens binnenkomt, waait er een en al vrolijkheid mee naar binnen. Je 
gezelligheid, positiviteit, onbevangenheid en grappige uitlatingen waardeer ik enorm. Ik 
vind het echt ontzettend leuk dat je mijn paranimf bent! 

Eens en te meer ben ik me gaan realiseren hoe belangrijk vrienden en familie zijn. 
Hoe fijn het is, om daar op terug te kunnen vallen. Bedankt voor alle hulp, gezellige 
en sociale momenten die het leven zeer aangenaam maken! Joyce, lief vriendinnetje 
en paranimf. We leerden elkaar kennen tijdens een van de vakken die we volgden bij 
Gezondheidswetenschappen. Sindsdien hebben we talloze keren samen heerlijke 
gerechtjes bereid, waarbij we ondertussen non-stop kletsten over van alles en nog wat. 
Heerlijk vind ik dat! Inmiddels zijn onze mannen ook bij de etentjes aangeschoven. Met 
Simon en Julian erbij zullen de etentjes van een wat minder culinair niveau zijn, maar 
ook pannenkoeken zijn erg lekker. In 2007 ben jij me al voorgegaan en gepromoveerd. 
Wat dat betreft, ben je een echt voorbeeld voor me! Ik vind het heel erg fijn dat jij straks 
achter me staat tijdens mijn verdediging en ik hoop nog vele bijzondere momenten met 
je te mogen delen. Lieve Rijk & Karen, bij jullie voel ik me altijd thuis. Jullie betrokkenheid 
bij de voortgang van mijn promotie, maar ook bij ons gezinsleven waardeer ik enorm. 
Zonder jullie hulp had ik niet geweten waar ik de tijd vandaan had moeten halen, om 
alles af te kunnen ronden. Lieve Simone & Fadyan, Arlène & Erwin, mijn kleine zusjes 
en zwagers. Ik bof maar met jullie! Lieve Pap en mam, wat een geluk heb ik met zulke 
lieve ouders. Jullie hebben me altijd gestimuleerd om datgene te gaan doen wat ik heel 
graag wilde… dokter worden, en promoveren. En dat is gelukt! Jullie hebben hierin een 
belangrijke bijdrage geleverd. Bedankt daarvoor! Lieve Gerard, op de een of andere 
manier lijken alle belangrijke, drukke momenten in ons leven altijd samen te vloeien. 
Wat zou het anders ook saai zijn. Met jou twijfel ik er geen minuut aan of het allemaal 
wel gaat lukken. Ik ben nuchter, maar jouw nuchtere kijk op het leven weet zelfs mijn 
gedachtegangen nog te relativeren. Jouw doorzettingsvermogen en gedrevenheid 
vind ik bewonderingswaardig. Ik heb nooit getwijfeld of jij van Omega Logistics een 
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succes zou maken. Ik ben blij met de keuzes die we gemaakt hebben en hoop nog veel 
bijzondere momenten met jou en ons gezin te mogen delen. Een van deze momenten 
komt alweer heel dichtbij! Lieve Simon, je broertje wordt vast net zo’n kanjer als jij. 
Elke dag is het weer genieten. Je bent een heerlijk ventje. De dinsdagen ben ik er weer 
helemaal voor jou! 

 Pauline
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