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Abbreviations

ANCA anti-neutrophil cytoplasmic antibody
BPI  bactericidal/permeability increasing protein
C   complement protein
CF   cystic fibrosis
CFTR cystic fibrosis transmembrane conductance regulator
CR   complement receptor
ELISA enzyme-linked immunosorbent assay
FEV1 forced expiratory volume in 1 second
Ig   immunoglobulin
IIF   indirect immunofluorescence
IL   interleukin
LPS  lipopolysaccharide
Map  MBL-associated protein
MASP MBL-associated serine protease
MBL mannan binding lectin
MPO myeloperoxidase
NFκB nuclear factor κB
OD  optical density
PMN polymorphonuclear granulocyte
PR3  proteinase 3
QS   quorum sensing
SLE  systemic lupus erythematosus
TLR  toll like receptor
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Introduction
The immune system consists of cells and soluble molecules with the ability to 
distinguish self from non-self in order to protect the host from invading 
microorganisms. It can adapt its specificity and thus direct its action against the 
invader,  and then remember this invader, creating a more powerful defence at the 
next attack.  Immunological defence brings about inflammation, which is necessary 
in order to clear the pathogen. Adequate resolution of inflammation is an active 
process, and perpetuated inflammation is harmful to the host. In autoimmune 
diseases, the effector molecules of the immune system are directed against host 
tissues, creating a perpetuated inflammatory process.

In cystic fibrosis (CF), invading pathogens colonize the airways. The immune 
system fails to clear the infection and in some patients the inflammation causes 
extensive tissue damage. CF is not an autoimmune disease, but for unknown reasons 
the CF patients with the most severe lung damage have developed autoantibodies. 
Their role in this destructive inflammation is unclear. This thesis deals with the role 
of the immune system in CF lung disease.

Cystic fibrosis, mechanisms of disease

Historical overview

CF is the most common lethal recessively inherited disease in Caucasians and has an 
incidence of 1 in 2500-5600 livebirths.1-3 The disease was first described in 1936 by 
Fanconi as ‘zystische Pancreasfibromatose und Bronchiektasien’ and then in 1938 
by Anderson as ‘cystic fibrosis of the pancreas’,  referring to the destrucion of 
exocrine pancreas.4,5 In 1950, Dickey again reported a correlation between cystic 
fibrosis of the pancreas and pulmonary disease and in 1953, Di Sant’Agnese 
demonstrated elevated sodium and chloride concentrations in sweat from CF 
patients, indicating an abnormal electrolyte transport.6,7 The molecular background 
of  CF was described in 1987 when the gene encoding the cystic fibrosis 
transmembrane conductance regulator (CFTR) was described.8 Life expectancy in 
CF has improved substantially in recent years due to centralized medical care in CF 
units, antibiotic therapy, more efficient nutrition, substitution of pancreatic enzymes, 
and daily chest physiotherapy. Some decades ago, few CF patients survived into 
adulthood, whereas today,  the adult CF population is larger than the pediatric.2 
Predicted life expectancy in chidren born in the 1990s is over 40 years.9

Molecular genetic backgound of CF 

CF is manifested in individuals with mutations in the gene encoding the CFTR on 
both allelles. CFTR is a cAMP (cyclic adenosine monophosphate) regulated ion 
channel that is expressed mainly on the apical surface of airway ciliated cells and on 
gastrointestinal epithelial cells.10 The gene encoding the CFTR is located on 
chromosome 7.8 At present 1525 mutations have been described.11 Five classes of 
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CFTR mutations are defined according to the mechanism of protein synthesis 
disruption; I. CFTR is not synthesised. II.  Defect in processing resulting in no CFTR 
expression on the cell surface.  III.  Defective regulation of CFTR by cAMP. IV. 
Defective conduction by CFTR. V. Reduced amount of functional CFTR on cell 
surface.12 The most common mutation worldwide is the class II mutation,  ∆F508. It 
accounts for about 70% of the alleles in CF patients.13 The phenotypical implications 
of these differences in expression concerns mainly the pancreatic function. Class I,  II 
and III mutations are associated with pancreas insufficiency, whereas most patients 
with mutations belonging to group IV and V have preserved pancreatic function. The 
correlation between CFTR genotype and lung function is far less distinct even 
though class IV and V often have mild disease presentation. The majority of patients 
have class I or II mutations, and within these groups, there are wide phenotypic 
variations.14,15 As every CF patient has two mutated alleles, the milder of these two 
determines the functional expression of CFTR. When CFTR genotypes are studied, 
the consensus is to divide the genotypes into four groups: A, homozygosity for 
∆F508; B, combination of two mutations from classes I, II or III; C, one or two class 
IV or V mutations; and D, one or two unknown alleles.16

Pathogenesis of CF lung disease

The pulmonary disease is the major cause of mortality and morbidity in CF.17 In the 
airways, lack of CFTR creates conditions that are favourable for chronic bacterial 
colonization.18 Pseudomonas aeruginosa is the most significant pathogen in CF. 
Many mechanisms are sugggested to explain the link between mutated CFTR and 
susceptibility to chronic infection. 

Consequences of loss of CFTR 

On the epithelial cells of the airways,  the apical surface is covered by cilia,  that 
move in a liqid layer called the periciliary liquid (PCL), transporting mucus and 
inhaled bacteria in a proximal direction.  In the PCL important salt-sensitive 
antimicrobial peptides are abundant.18 Mutated CFTR alters the salt and water 
composition of the PCL. Two main hypotheses have been proposed to explain the 
effect of mutated CFTR on PCL. The low volume hypothesis is presently the most 
recognized and suggests that abnormal sodium absorption leads to a thin but isotonic 
PCL. The ciliary transport will be  impaired as the space for movement is limited, 
resulting in the entrapment of bacteria (figure 1).19,20 The second hypothesis is the 
salt depletion hypothesis which suggests that the salt concentration in the airway 
surface liquid is elevated, inhibiting the salt-sensitive antimicrobial peptides.21 

CFTR is normally expressed also in the submucosal glands, which beside mucus 
secrete a variety of products important for host defence, such as secretory 
immunoglobulin A (IgA) and protease inhibitors. Loss of CFTR changes the 
composition of the secretions once again impairing defence and mucociliary 
clearance.19,22 Loss of CFTR also facilitates bacterial colonization by creating 
conditions that alter the glycosylation of epithelial components. The number of the 
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cell surface glycolipid asialoGM1, containing a sequence that binds P. aeruginosa 
flagella, is increased in CF airway epithelium.23,24 It has also been suggested that 
CFTR itself functions as a receptor for clearance of P. aeruginosa 25.

The inflammatory response 

Polymorphonuclear granulocytes (PMNs) are white blood cells essential for innate 
immune defence. They are recruited to the site of infection by chemotactic factors 
such as interleukin-8 (IL-8), which is a chemokine released from epithelial cells and 
macrophages as a response to bacterial stimuli. IL-8 is also crucial for activation and 
migration of PMNs once recruited to the site of inflammation.26,27,28 Elevated levels 
of IL-8 in the airways of CF patients are reported from several groups.29-32

P. aeruginosa can induce IL-8 release from epithelial cells through a number of 
mechanisms. Activation of toll-like receptors (TLR) 2, 4 and 5 and asiylated 
glycolipids (for example asialoGM1) by bacterial surface structures converges 
downstream in the activation of the transcription factor NFκB which regulates the 
production of IL-8.23,33,34 Induction of IL-8 production by substances released from 
bacteria is also described.35,36 

The PMNs are essential in the first line host defence against pulmonary pathogens. 
They fight the pathogens by phagocytosis and through the release of degrading 
substances. Subsequently the PMNs will go into apoptosis. Resolution of 
inflammation after the elimination of the pathogens depends on adequate apoptosis 
followed by phagocytosis of the PMNs by macrophages. Maintaining balance 
between pro- and anti-apoptotic signals is essential.  Premature apoptosis of the 
PMNs would decrease their antibacterial effect and delayed apoptosis would lead to 
increasing number of apoptotic PMNs in the airways, overwhelming the macrophage 
capacity and leading to secondary PMN necrosis. Accumulation of necrotic PMNs in 
the airways causes tissue by perpetuating the inflammation.37,38 P. aeruginosa is 
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Figure 1. In the healthy (normal) airway, the cilia of the epithelial cells beat 
synchronically in the periciliar liquid layer (PCL),  which moves the overlying mucus 
layer in a proximal direction. Particles and bacteria trapped in the mucus can thus be 
exhaled.  In CF, the PCL is thin and the beating of the cilia is  impeded by the mucus, 
resulting in the entrapment of bacteria.
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known to disturb this delicate balance between pro-and anti-apoptotic mechanisms, 
for example by the release of pyocyanin, which will be discussed further below, and 
by the induction of granulocyte colony-stimulation factor (G-CSF) from epithelial 
cells.39-41 Increased number of PMNs in the airways of CF patients is reported by 
many groups and is believed to be crucial for the tissue damage in CF lung disease 
(figure 2).29,30 

Pre-infectious inflammation in CF? 

It has been proposed that inflammation in the CF airways is a constitutional 
phenomenon, independent of bacterial stimuli. Evidence supporting this theory was 
found when Hubeau et al. detected increased number of macrophages in the airways 
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Figure 2. Bacteria can induce an inflammatory response through different 
mechanisms.  Pseudomonas aeruginosa can bind via its flagellum to toll-like receptor 
5 (TLR-5), which triggers the release of interleukin 8 (IL-8) through the activation of 
nuclear factor κB (NFκB). Pyocyanin produced by P. aeruginosa can also induce the 
release of IL-8, as well as granulocyte colony-stimulation factor (G-CSF). IL-8 is 
crucial for recruitment and activation of  the PMNs. G-CSF also contibutes to the 
recruitment  of PMNs, and delays PMN apoptosis. Once activated, the PMNs release 
antimicrobial substances and phagocytose the dying bacteria. Elimination of the 
PMNs that  have fulfilled their task occurs through apoptosis, followed by macrophage 
phagocytosis of the apoptotic PMNs. Overwhelming of the macrophage capacity 
leads to secondary necrosis of the PMNs, which perpetuates the inflammatory 
response.
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of CF fetuses compared to non-CF fetuses.42 Overproduction of inflammatory 
mediators in CF previous to bacterial infection has been suggested by several 
investigators.30,43-45 Undetectable or eradicated infections could not, however,  be 
excluded in these studies, which is underscored by the report demonstrating that 
antibodies against P aeruginosa can be detected in serum up to two years before the 
microorganism can be cultured in sputum. Thus a negative culture does not exclude 
colonization.46 Evidence that bacterial colonization preceeds inflammation was 
found by Armstrong et al.  when bronchoalveolar lavage fluid from infants with CF 
who were detected by newborn screening was analysed. Inflammatory cytokines 
were measured, and no signs of inflammation were seen in the abcence of infection. 
The results of other investigators, reviewed by Machen in 2006, also imply that the 
inflammatory response in CF is initiated by bacteria.32,47

It has also been suggested that the inflammatory response in CF is elevated relative 
to the bacterial stimulus, which has been shown both in patients and in vitro.30,35 A 
plausible explanation of the hyprerinflammatory conditions in CF might be that 
colonization that is not detectable by conventional sputum culture induces the 
inflammatory response and that the signalling is enhanced secondary to loss of 
CFTR.22,47 At this time point, most data indicate that the inflammation in CF is 
caused by bacteria colonizing the airways and that factors related to the loss of 
CFTR may exaggerate the inflammatory response.

Bacterial colonization in CF

Historically,  the dominant bacterial pathogens isolated from the airways of CF 
patients have been Staphylococcus aureus, non-capsulate Haemophilus influenzae 
and P. aeruginosa. S. aureus and H. influenzae are frequenly found in pediatric 
patients before the onset of P. aeruginosa colonization. Their role in the 
development of CF lung disease is not clear, but the presence of S. aureus is 
believed to predispose to colonization with P. aeruginosa. Methicillin-resistant S. 
aureus (MRSA) is also an emerging problem in CF patients worldwide.48 Moreover, 
the aggressive antibiotic treatment regimens in CF patients during recent decades 
has caused the emergence of a new flora of Gram-negative bacteria. Burkholderia 
cepacia is a major problem in many clinics, and it is associated with fatal 
necrotizing pneumonia and bacteremia. Another Gram-negative species not 
associated with such poor prognosis is Stenotrophomonas maltophilia.49 Non-
tuberculosis mycobacteria and fungi are other significant airway pathogens in CF.
50,51

P. aeruginosa

P. aeuginosa is a Gram-negative motile aerobic bacillus. It can be isolated from 
many natural environments,  such as soil, marshes and plants, and also from food, cut 
flowers and sinks. P. aeruginosa is an opportunistic human pathogen that causes 
infections in immuno-compromised individuals, burn victims and CF patients.52
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Definition of chronic colonization 

Intermittent colonization is almost invariably followed by chronic colonization, 
which is a poor prognostic sign in most patients. The definition of chronic 
colonization that is most widely used is three successive positive sputum cultures, as 
defined by a European consensus.53 However, expectorate may not be representative 
of the lower airways, but rather of the throat. Serological methods for detecting P. 
aeruginosa in CF become more and more widely used, and a rise in the level of 
antibodies against P. aeruginosa indicates colonization even if culture is negative.
46,54 Some CF centres have chosen to define chronic colonization according to 
antibody levels.55

Alginates

After the establishment of chronic colonization, the initial isolates of P. aeruginosa 
resemble environmental isolates in that they have a non-mucoid phenotype and are 
sensitive to antibiotic treatment. Later the phenotype changes into mucoid and the 
strains become resistant to antibiotics.56 The mucoid phenotype is caused by the 
production of an exopolysaccharide called alginate. Alginate promotes the 
persistence of P. aeruginosa in the airways,  as it reduces phagocytosis and PMN 
chemotaxis and also inhibits complement activation.57-60 

Biofilm and quorum-sensing

Another hallmark of P. aeruginosa growth in the CF airways is biofilm formation. 
Biofilms are surface-attached communities of bacteria embedded in an extracellular 
matrix. Both mucoid and non-mucoid strains of P. aeruginosa can form biofilms.61,62 
The biofilm mode of growth contributes to the inability of host immune defence to 
clear the infection, as biofilm bacteria are by nature resistant to antibiotics.52,63. 

Quorum-sensing (QS) is the term used to describe the cell-to-cell communication 
that makes a bacterial community work as a primitive multicellular organism. In a 
bacterial population, certain small-molecule autoinducers are released. When a 
threshold concentration correlated to bacterial density is reached, a cascade reaction 
that alters gene expressions population-wide is initiated. P. aeruginosa use QS 
signals to coordinate biofilm formation64,65 even though biofilm without QS occurs.
66 QS also controls among other things the expression of many virulence factors that 
in order to be efficient require co-ordinated production from the whole bacterial 
population.67

Pili and flagella

Pili are hair-like proteins extending from the surface of many bacterial species 
including P. aeruginosa. They are important for bacterial adhesion to epithelial cells 
and for initiation of biofilm formation through moving by twitching motility.  The 
pili are composed of subunits called pilin.68 Induction of inflammatory response by 
P. aeruginosa pilin is described.69 
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P. aeruginosa expresses one single polar flagellum that also contributes to motility. 
Flagella are potent inducers of inflammatory response from epithelial cells. Direct 
binding of flagella to TLR5 causes release of IL-8 and binding to asialoGM1 
initiates a TLR2-dependent IL-8 release, by mechanisms described above. 
Expression of flagella is an early event in CF lung disease, as the flagellar genes are 
expressed only in the environmental, planktonically growing bacteria during initial 
colonization. In isolates from chronically colonized patients, the flagellar genes are 
down-regulated.23,70

Lipopolysaccharides 

Lipopolysaccharides (LPS) are important virulence factors in Gram-negative 
bacteria.  Binding of LPS to TLR4 initiates inflammatory signaling.  P. aeruginosa 
LPS is however much less immunogenic than LPS from Escherichia coli or 
Salmonella.27

Pyocyanin

The repertoire of P. aeruginosa virulence 
factors include a number of substances that are 
released from the bacteria. One of the best 
studied exoproducts is the redox-active, blue 
pigment pyocyanin (figure 3). Together with 
the green pigment pyoverdin, it creates a bright 
green color that is characteristic for P. 
aeruginosa, and is used for species 
identification in microbiological laboratories. 
Non-pigmented strains of P. aeruginosa occur 
mainly in CF patients.71 Despite the fact that CF isolates often do not exhibit a 
pyocyanin-producing phenotype, pyocyanin is believed to play an important role in 
P. aeruginosa pathogenicity in CF lung disease.72

Many mechanisms for how pyocyanin mediates inflammation and tissue damage 
have been described.  In a mouse model, pyocyanin-producing wild type P. 
aeruginosa strains caused acute lobar pneumonia, while the non-pyocyanin 
producing mutant strains caused a less aggressive bronchopneumonia-like disease, 
with areas of acute inflammation spread throughout the lungs.73 In vitro experiments 
have demonstrated that pyocyanin inactivated epithelial ATPase, resulting in reduced 
expression of CFTR.74 It also induced increased expression of IL-8 and intracellular 
adhesion molecule 1 (ICAM-1) from epithelial cells.36,75 Induction of neutrophil 
apoptosis by pyocyanin has also been reported.39,41

Modifier genes, prognostic markers and markers of disease 
activity 

Clinical outcome in CF is highly variable between individuals.  A minority of the 
patients carry mild CFTR mutations that are associated with favourable outcome but 
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Figure 3. Structure of pyocyanin.  
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for most patients, outcome seems to be determined by other factors.16,76,77 Chronic 
colonization with P. aeruginosa is associated with poor prognosis. Little is however 
known about individual susceptibility (which persons become colonized and at what 
age), as well as individual development of tissue damage (which persons will 
develop serious lung damage following colonization). Great efforts have been made 
to find factors that will predict outcome.  Studies on mono- and dizygotic twins have 
not indicated any clear-cut role for non-CFTR genetic factors (modifier genes) as 
determinants of pulmonary outcome.78 Two recent studies have compared the 
features of the patients with the lowest and the highest lung functions.  In one of the 
studies, 808 patients homozygous for ΔF508 were investigated. The patients were 
genotyped concerning ten candidate modifier genes and the presence of mutations 
was compared between the patients with the highest and the lowest quartiles of lung 
functions. Only the mutation of one gene, that of transforming growth factor β 
(TGFβ), was significantly overrepresented in the group with severe disease.79 The 
other study investigated the gene expression in nasal epithelium using 
oligonucleotide microarray analysis. Differences between patients with preserved 
lung function and severe lung damage were reported in the expression of genes 
involved in airway defence and mitochondrial oxidoreductase activity, perhaps 
identifying new candidate modifier genes.80

One of the most extensively investigated candidate modifier gene is the gene 
encoding mannan-binding lectin (MBL), which is a protein involved in complement 
activation. The complement system and its role in CF will be discussed further 
below. More candidate modifier genes are presented in table 1. Many of the genes 
involve immune defence and factors important for inflammatory response. It should 
be noted that the table gives a brief overview of suggested modifier genes in CF, and 
that the presented studies are not quite comparable, as inclusion criteria, as well as 
definitions of end-points vary.

Exacerbations in CF lung disease 

Acute exacerbations in CF often trigger long-term deterioration and are recognized 
by clinical signs such as dyspnea, fatigue and increased coughing.81 Signs of acute 
phase reaction, such as fever and rise in CRP and white blood cell count,  are 
discrete. Total serum IgG is of some clinical use in determining overall 
inflammatory activity (L Eriksson, Lund, personal communication), and elevated 
IgG concentration and elevation of certain IgG subclasses are associated with 
lowered lung function.82-84 Elevation of CRP is sometimes seen in connection with 
an exacerbation.85 The rise is however discrete in comparison with an acute 
pulmonary infection and its potential to predict an exacerbation is limited. There is 
evidence that the P. aeruginosa strain involved in an exacerbation in most cases has 
been carried for a long time, and that exacerbations are rarely caused by the 
acquisition of a new strain.86 In the daily care of CF patients, physicians have few 
parameters besides their clinical judgement to determine disease activity and to 
predict exacerbations.
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Extrapulmonary manifestation of CF

Gastrointestinal manifestations develop secondary to highly viscous mucus 
obstructing various ducts. Insufficiency of the exocrine pancreas is found in 90% of 
the patients,87 and enzyme supplementation is often necessary to avoid 
malabsorption. Moreover, the prevalence of CF related diabetes mellitus following 
pancreas destruction has increased with improved life expectancy. Liver injury is 
found in 25 % of CF patients and is responsible for 2-3 % of the mortality. The 
injury arises from bile duct plugging followed by bile-acid-related toxicity.88 In 
males, infertility is common, due to obstrucion of the genital tract.
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Table 1. Suggested modifier genes in cystic fibrosis 

Gene 
product

Author Year Ref. n Association to
FEV1 PA

MBL Garred et al. 1999 175 146 + (+)
Gabolde et al. 1999 177 164 + (+)
Yarden et al. 2004 178 179 (+) 0
Davies et al. 2004 179 558  + 0
Carlsson et al. 2005 156 112 0 -
Drumm  et al. 2005 79 808 0 n.i.
Muhlebach et al. 2006 180 149 (+) n.i.
Olesen et al. 2006 181 109 - n.i.
Buranawuti et al. 2007 202 254 + n.i.

TGFβ Arkwright et al. 2003 203 68 + n.i.
Drumm et al. 2005 79 808 + n.i.
Brazova et al. 2006 204 118 0 0
Buranawuti et al. 2007 202 254 0 n.i.

TNFα Hull and Thomson 1998 205 53 + 0
Arkwright et al. 2003 203 68 0 n.i.
Yarden et al. 2005 206 180 + +
Drumm  et al. 2005 79 808 0 n.i.
Schmitt-Grohe et al. 2006 207 53 0 0
Buranawuti et al. 2007 202 254 + n.i.

α1AT Doring et al. 1994 208 215 0 +
Mahadeva et al. 1998 209 79 0 (-?) n.i.
Frangolias et al. 2003 210 714 0 n.i.
Drumm et al. 2005 79 808 0 n.i.

NOS-1 Grasemann et al. 2002 211 70 n.i. +
Texereau et al. 2004 212 59 + n.i.

β-AR Buscher et al. 2002 213 126 - 0
Drumm  et al. 2005 79 808 0 n.i.

FEV1, Forced expiratory volume in 1 second, measure of lung function; PA, Pseudomonas 
aeruginosa; MBL, Mannan binding lectin; TGFβ, Transforming growth factor β; TNFα, Tumor 
necrosis factor α; α1 AT, α1 antitrypsin; NOS-1, Nitric oxide synthetase 1; β-AR, β adrenergic 
receptor; +, correlation between mutated gene and reduced lung function or colonization with P. 
aeruginosa; (+), not significant correlation; –, better lung function or less P. aeruginsa colonization 
correlated to mutated gene; n.i, not investigated.

14



Vasculitis is an unusual complication in CF, occuring in approximately 3 % of the 
patients and present as a purpuric rash on the legs, sometimes accompanied by fever 
and arthralgia. It occurs mainly in patients with severe pulmonary disease and is 
usually associated with poor prognosis. Histological examination of the rash is 
consistent with leukocytoclastic vasculitis.89-91

The adaptive immune system and autoantibodies 
Every individual is born with an innate ability to fight invading pathogens by means 
of a repertoire of white blood cells, such as the PMNs, and molecules, such as 
complement proteins, TLRs and cytokines. The immune system also has the ability 
to adapt and direct its action according to the antigens encountered by each 
individual.  The most important cells of the adaptive immune system are the 
lymphocytes. Their initial maturation takes place in the central lymphoid organs, 
which are the thymus (T-lymphocytes, T-cells) and the bone marrow (B-
lymphocytes, B-cells). After migrating to peripheral lymphoid organs such as lymph 
nodes, the lymphocytes undergo additional maturation and are ready to exert their 
action. Adaptive immunity begins when T- and B-cells recognize a non-self antigen 
and go through a mutual activation.92

The antibody response

Antibodies are the most important effector molecules of the adaptive immune 
system. They are produced by B-cells in response to antigens recognized as non-self. 
Each antibody consists of two heavy chains and two light chains, forming a Y-
shaped molecule. Both the light and the heavy chains have variable domains 
together forming the variable, antigen-specific regions of the antibody, which are 
part of the F(ab’)2 fragment. The Fc region of the antibody is made up of two 
constant domains of the two heavy chains. Specific binding by the variable part of 
an antibody to its antigen leads to elimination of the pathogen, for example by 
complement activation or enhancement of phagocytosis.  During an antibody 
response to an invading pathogen, different isotypes of antibodies are formed. The 
first antibodies to be produced are IgM, which often are of low affinity. They are 
formed as pentamers and are due to their large size mainly found in the bloodstream. 
IgM molecules are powerful activators of complement. During the course of the 
immune response,  the B-cells change into expressing IgG, IgA or IgE with the same 
variable region found during the IgM response. This isotype switching is induced by 
cytokines released from T-cells.  Due to somatic mutations in the variable region, 
these antibodies often have higher affinity than the preceding IgM antibodies. IgG, 
IgA and IgE all exist as monomers,  which allows them to diffuse into extravascular 
sites. IgG are the most important antibodies in the blood and extracellular fluid 
where they opsonize pathogens for phagocytosis and activate complement. IgA exist 
both as monomers and dimers and act mainly as neutralizing antibodies on epithelial 
surfaces, most importantly in the intestinal and respiratory tract. IgA is the isotype 
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that is produced in the largest amounts. The main function of IgE is activation of 
mast cells, inducing local inflammation in the skin or on mucosal surfaces.92

Natural antibodies

Natural antibodies occur in the circulation without previous specific immunization. 
These IgM antibodies are highly cross-reactive and bind both self and microbial 
antigens with low affinity. Binding of natural antibodies to invading pathogens 
provides protection by complement activation until an adaptive immune response 
has developed. Natural antibodies are also important in the scavenging of metabolic 
waste from inflammatory processes and apoptosis by their ability to react with 
certain self-antigens. It has also been proposed that natural antibodies prevent 
autoimmune reactions by blocking the reaction between self-reactive antibodies and 
their antigen.92,93

Tolerance and loss of tolerance

Tolerance is the ability of the immune system to prevent immunological activation 
against self-antigens. Several mechanisms are involved in maintaining tolerance and 
preventing self-reactive lymphocytes from attacking host tissues, and thus errors in 
these mechanisms can lead to the development of autoimmune diseases.

The first checkpoints of tolerance are the thymus and the bone marrow, where self-
reactive clones are deleted.  Lack of this central clonal deletion is probably 
inconsistent with life. Clonal deletion of self-reactive clones also occurs in 
peripheral lymphoid tissues. Another peripheral mechanism by which autoimmunity 
is prevented is clonal anergy. Naïve T-cells need co-stimulatory signals from 
antigen-presenting cells, such as dendritic cells, for maturation and clonal expansion. 
Absence of these signals leads to the inactivation of self-reactive clones by clonal 
anergy. Regulatory T-cells are a subset of T-cells that are important for regulating the 
maturation and activation of lymphocytes. They are believed to play a role in 
preventing autoimmunity by counteracting the development of self-reactive clones. 
Autoimmunity can thus arise from dysfunctional regulation of lymphocyte 
development. It can also arise from errors in antigen presentation. Under certain 
circumstances such as during extensive cell death or traumatic injury, the immune 
system can misinterpret a self-antigen as non-self and thus evoke an immune 
response.92,93

Molecular mimicry

Infectious diseases can trigger autoimmune disease through a mechanism known as 
molecular mimicry. The autoimmune disease is caused by autoantibodies or self-
reactive T-cells directed against an epitope common for microorganism and host. 
Removal of the microorganism by antibiotic treatment leads in most cases to 
cessation of the immune response. The tissue damage caused by it can however be 
irreversible.94
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A widely known example of molecular mimicry is rheumatic fever,  where infection 
with Streptococcus pyogenes induces an immune response and specific T-cells 
infiltrate the heart valves leading to valvular lesions and heart failure. In this case, 
the M-protein of the bacteria shares a homologous sequence with a valvular 
glycoprotein.95

Guillain-Barré syndrome is a neurological disease characterized by acute 
progressive limb weakness and areflexia. Antibodies against Campylobacter jejuni 
carbohydrates that also recognize ganglioside carbohydrates are believed to be the 
causative agent. Epidemiolgical studies have shown that 1/1000 patient with 
Campylobacter-enteritis develop Guillain-Barré syndrome.96

Helicobacter pylori codes for α-carbonic anhydrase, which shares homology with 
human carbonic anhydrase II. Autoantibodies against carbonic anhydrase II are 
associated with autoimmune pancreatitis,  and an epidemiological connection 
between infection with H. pylori and this disease has been demonstrated.94

Another interesting example of molecular mimicry is that antibodies against the 
intestinal pathogen Klebsiella are significantly elevated in patients with ankylosing 
spondylitis. The pathogen shares homology with human leukocyte antigen (HLA) 
B27 and spinal collagens. Moreover, a starch free diet, resulting in eradication of 
Klebsiella from the digestive tract has been reported to lead to clinical improvement 
of the patients.97

Antineutrophil cytoplasmic autoantibodies

The ANCA antigens

Antineutrophil cytoplasmic autoantibodies (ANCA) is the common name of 
autoantibodies directed against granula proteins of PMNs. The ANCA antigens are 
found mainly in the azurophilic granules (also known as primary granules) and their 
antimicrobial properties are important for the elimination of microorganisms by 
PMNs. Leukocyte elastase, cathepsin G, proteinase 3 (PR3) and azurocidin are 
examples of serine proteases found in these granules. Other antimicrobial proteins 
are bactericidal/permeability increasing protein (BPI), which will be described 
further below, and the enzyme myeloperoxidase (MPO). 

Enzyme linked immuno-sorbent assay (ELISA, see Methods for further description) 
using purified protein as coating antigen is the most widely used method to detect 
and decide the specificity of ANCA. ANCA can also be detected by indirect 
immunofluorescence (IIF) using ethanol-fixed normal donor granulocytes. PR3-
ANCA then gives a cytoplasmic pattern known as c-ANCA whereas MPO-, 
elastase-, cathepsin- and azurozidin-ANCA give a perinuclear pattern, known as p-
ANCA.98,99 BPI-ANCA shows no clear-cut IIF pattern, but can yield either a c- or a 
p- ANCA pattern. Serum samples positive for BPI-ANCA when tested with ELISA 
have also frequently for unknown reasons shown to be negative when tested with IIF 
(figure 4).100,101
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Clinical implications of ANCA

ANCA are most widely known as antibodies associated with types of small vessel 
systemic vasculitis, such as Wegener’s granulomatosis and microscopic polyangitis. 
The first report to clarify this association was published in 1985 by van der Woude, 
even though antibodies that stained leukocytes in patients had been reported 
earlier102-104. ANCA-associated vasculitis is characterized by inflammation and 
necrosis of blood vessels and often also granuloma formation. Organs involved are 
mainly the kidneys, respiratory tract and skin. MPO and PR3 are the most important 
antigens in connection with ANCA-associated small vessel vasculitidies. In these 
diseases, ANCA occurs in more than 80 % of untreated patients.  The diseases 
typically run in flares with intervening phases of remission.  A rise in the ANCA level 
accompanies the flares in most cases, and the ANCA level falls following successful 
treatment and during remission.99

ANCA is also frequently found in inflammatory bowel diseases. In one study 60% 
of the patients with ulcerative colitis were ANCA positive by IIF and 28% of the 
Crohn patients. About half of these IIF positive patients were positive for BPI-
ANCA in serum when tested by ELISA.105 Other researchers have found similar 
figures for prevalence. No relation to disease severity or activity was,  however, 
reported.106-109

Pathogenesis of vascular inflammation by ANCA 

The reason why ANCA develops is not clear.  There is however emerging evidence 
that ANCA, once formed,  plays a role in disease development of ANCA-associated 
vasculitides. The most widely accepted theory suggests that some external stimuli 
induce the release of pro-inflammatory cytokines that will activate the PMNs, 
resulting in translocation of the ANCA antigens to the cell surface, as well as up-
regulation of adhesion molecules. The binding between ANCA and ANCA antigens 
on the PMNs stimulates PMN adhesion and migration over the endothelial lining, 
resulting in the release of degrading and reactive substances in the tissue. In vivo 
evidence for the pathogenic role of ANCA was given in a mouse model, where anti-
MPO-positive splenocytes were transferred to Rag2-/- mice that lacked functioning 
T- and B-cells. This resulted in circulating MPO-ANCA accompanied by the 
development of systemic vasculitis engaging the kidneys and other organs.110,111
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Figure 4. ANCA 
detected by indirect 
immunofluorescence 
on human polymorpho-
nuclear granulocytes. 
A, p-ANCA pattern; B, 
c-ANCA pattern.

18



BPI

BPI is a 55 kD boomerang-shaped cationic protein that share 45 % sequence 
homology with LPS-binding protein (LBP).112,113 While LBP binds to LPS in order 
to support bacteria-induced inflammation, BPI has the opposite effect thereby being 
a potent inhibitor of damaging bacterial effects. The amino-terminal domain of the 
molecule binds with high affinity to LPS, which besides preventing LPS from 
inducing an inflammatory response, results in an increased permeability of the outer 
bacterial membrane, leading to bacterial growth inhibition. Bacterial killing is 
induced by the penetration of the inner bacterial membrane with the help of 
complement activation.114,115 The ability of BPI as well as an amino-terminal 
fragment of BPI to kill P. aeruginosa and other Gram-negative bacteria in vitro was 
reported already in 1992.116 BPI also enhances bacterial phagocytosis by mediating 
opsonization with its carboxy-terminal domain (figure 5).117

A murine orthologue to human BPI was recently demonstrated in testis and 
epididymis cells, indicating that BPI is an important antimicrobial protein in many 
vertebral species throughout evolution.118 The main source of BPI in humans is 
PMNs.119 Expression of BPI in mucosal epithelium of the gastrointestinal and 
reproductive tracts as well as in fibroblasts has also been reported.120-124

Recently, BPI was demonstrated at both protein and mRNA levels in cells extracted 
from pulmonary fluid of CF patients. The majority of the cells were PMNs, but BPI 
was also found in another cell type that had the appearance of epithelial cells when 
examined by light microscopy. BPI was also found in cell-free sputum supernatants. 
Moreover, it was demonstrated that BPI was released from PMN granula after 
stimulation with P aeruginosa in a dose-dependent way and in strong correlation 
with the release of IL-8.125 

BPI-ANCA

In 1991, Charles et al.  described antibodies against a 57 kD cationic protein 
(CAP-57).126 This protein was identical with BPI, which was recognized as an 
ANCA antigen in 1995.127,128 In patients with vasculitis whose sera were tested with 
IIF and found positive for c-ANCA or p-ANCA, but negative when tested with 
ELISA against PR3 and MPO, the target antigen in many cases turned out to be BPI. 
Other patients who were BPI-ANCA positive had a c-ANCA or more rarely a p-
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Figure 5. Structure of the 
55 kD bactericidal/perm-
eability increasing protein. 
Negatively charged dom-
ains are shown in red and 
positively in blue. 
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ANCA pattern on IIF. The prevalences of BPI-ANCA in patients with vasculitis 
were reported to be less than 10%.100,101,107,128 In a case report,  BPI-ANCA was 
demonstrated in a patient with vasculitis secondary to bronchiectasis and infection 
with P. aeruginosa. In this patient, successful antibiotic treatment was accompanied 
with a fall in the BPI-ANCA level.129 Another case report describes a patient with 
bronchiectasis and P. aeruginosa colonization with no evidence of vasculitis and 
with elevated levels of both BPI- and MPO-ANCA. In this patient, eradication of the 
P. aeruginosa infection by lung resection lead to normalization of the ANCA levels.
130

The connection between BPI-ANCA and chronic pulmonary disease and subsequent 
infection with Gram-negative bacteria has been illustrated in many reports.  Diffuse 
pan-bronchiolitis (DPB) is an idiopathic inflammatory disease, almost solely 
abundant in Japan. It is characterized by progressive obstructive airway disease and 
bacterial colonization, often with P. aeruginosa, that leads to bronchiectasis and 
respiratory failure. Two studies have been conducted on BPI-ANCA in DPB patients 
and the prevalences of BPI-ANCA were reported to be 85 % (n=16) and 93 % 
(n=25) respectively. Moreover, the BPI-ANCA levels were reported to be correlated 
to disease activity.131,132 

BPI-ANCA in CF 

ANCA in CF patients was first described by Eftimiou in 1991, who investigated the 
sera of 30 CF patients with IIF and found a c-ANCA pattern in 19 of the patients. 
Moreover, a strong association between bacterial colonization was reported, as well 
as decreasing ANCA titres 2-4 weeks after antibiotic treatment.133 The subsequent 
report on ANCA in CF was published in 1996 where 66 patient sera were 
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Table 2. BPI-ANCA in cystic fibrosis

Author Year Ref. n median age 
(range)

Prevalence of
BPI-ANCA (%)

Association to

     IgG IgA FEV1 PA
Eftimiou et al. 1991 133 30 (5-27) 63* n.i. +
Zhao et al. 1996 134 66 23 (13-37) 91 83 + n.i.
Sediva et al. 1998 144 71 (0.5-18) 77 29 0 0
Mahadeva et al. 1999 139 148 24.0 (3-50) 70 55 +/0** +
Aebi et al. 2000 135 71 20 (13-27) 39 37 + +
Schultz et al. 2000 141 27 (1-27) 48 11 0 0
Cooper et al. 2000 100 14 79 43 n.i. n.i.
Sediva et al. 2003 143 28 (1-19) 57 n.i. n.i. n.i.
Carlsson et al. 2003 136 46 25 (18-45) 72 59 + +
Dorlöchter et al. 2004 138 29 17 (6-40) 71 33 + n.i.
Schultz et al. 2004 142 23 13 (5-32) 65 n.i. n.i. n.i.
Rotschild et al. 2005 140 18 15 (5-36) 67 n.i. n.i. n.i.
Carlsson et al. 2006 137 366 20 (0.5-55) 62 30 + +

FEV1, Forced expiratory volume in 1 second, measure of lung function; PA, Pseudomonas 
aeruginosa; *, sera only investigated with indirect immunofluorescensce; **; Correlation between 
FEV and IgG-BPI-ANCA only; +, correlation BPI-ANCA and reduced lung function or colonization 
with P. aeruginosa; –, better lung function or less P. aeruginsa colonization correlated to BPI-ANCA; 
n.i, not investigated.

20



investigated with ELISA for specific antibodies against BPI. In this study, 91 % 
were found to be positive for IgG-BPI-ANCA, and 83 % for IgA-BPI-ANCA.134 
Since then seven additional cross-sectional investigations have been published 
concerning BPI-ANCA in CF (not including three publications from our group), 
table 2. Prevalences reported for IgG-BPI-ANCA were 39-91 % and for IgA-BPI-
ANCA 11-83 %. In all cohorts studied, IgG-BPI-ANCA was more prevalent than 
IgA-BPI-ANCA although it should be noted that the reference intervals were not 
uniformly defined. Three other investigators have reported a correlation between 
BPI-ANCA of both isotypes with bacterial colonization, principally with P. 
aeruginosa, as well as with lung damage. In the study where the lowest prevalence 
of BPI-ANCA was reported, no association with lung damage and P. aeruginosa 
colonization was found. In this study, however, recombinant BPI was used as 
coating antigen, while all other investigators used BPI purified from buffy coat. No 
data on the longitudinal development of BPI-ANCA in relation to the disease course 
and onset of colonization had been published.100,135-144 

Pathogenetic role of BPI-ANCA?

The association between BPI-ANCA and bacterial colonization and severe disease 
presentation in CF lead to the hypothesis that BPI-ANCA could contribute to 
bacteria induced tissue damage by blocking the antimicrobial properties of BPI. In 
1999, Mahadeva et al. showed that affinity purified BPI-ANCA recognizing the 
carboxy-terminal domain of the protein from the sera of 13 patients with CF, 
vasculitis or inflammatory bowel disease could inhibit the effect of BPI. The 
antibodies were incubated with leukocytes, BPI and bacteria (E. coli). BPI induced 
as expected phagocytosis, and this phagocytosis was significantly inhibited by BPI-
ANCA.139 The same effect of BPI-ANCA was shown when heat-inactivated sera 
from BPI-ANCA positive CF patients inhibited PMN-mediated killing of P. 
aeruginosa in vitro.143

The antibacterial effects of the amino-terminal domain of BPI have also been shown 
to be blocked by BPI-ANCA, despite the fact that most of the BPI-ANCA found in 
patients’ sera is directed against the carboxy-terminal.139,141 Bacterial growth is 
inhibited by the amino-terminal domain of BPI, as described above. When E. coli 
was incubated with BPI and sera from BPI-ANCA positive patients, the inhibitory 
effect of BPI on bacterial growth was reversed. BPI-ANCA positive sera from both 
CF patients and patients with inflammatory bowel disease were able to inhibit BPI.
142 145 BPI-ANCA was also shown to inhibit LPS-induced elastase release from 
PMNs.132

Most BPI-ANCA found in patients’ sera is directed against the carboxy-terminal 
domain of the protein,  even though antibodies against the amino-terminal exist. No 
correlation between the specificity of the antibodies and the clinical presentation of 
the associated disease has been shown. Nor have any differences in the biological 
properties of the antibodies depending on their specificity been shown in vitro.
139,142,145
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The complement system with special regard to the 
mannan-binding lectin pathway

Activation of complement

The complement system consists of more than 30 plasma and membrane bound 
proteins that work together, bridging innate and adaptive immunity, in order to 
eliminate invading pathogens. Several complement deficiencies are associated with 
increased susceptibility mainly to bacterial infections.146 Activation of complement 
may occur when pathogens, or pathogen-bound antibodies are recognized by a 
starting molecule of one of the three complement pathways: the classical, the 
alternative or the MBL pathway. Activation initiates a cascade of cleavage and 
complex-forming reactions on the pathogen surface, ultimately leading to the 
formation of a membrane attack complex that may bring about bacteriolysis. Some 
of the complement cleavage products are important active components functioning 
as chemo-attractants or opsonins. 

The classical pathway is activated mainly when specific IgM or IgG antibodies are 
bound to an antigen,  even though antibody-independent activation may occur. C1 
(C1q in complex with (C1r)2 and (C1s)2 molecules) will then bind to the antibody 
complex and start the reaction sequence. The alternative pathway is activated by the 
formation of complexes between C3b and factor B. These complexes are formed 
spontaneously in the circulation and on cell surfaces, but they are degraded by a 
number of molecules present on host cells,  such as factor H and decay-activating 
factor. It is only on “complex protective surfaces”,  for example on pathogens where 
down regulation of the complex formation is decreased, that activation of the 
alternative pathway is triggered. Indirect antibody-dependent activation of the 
alternative pathway may also occur.92 

MBL is the recognition molecule of the third activation pathway,  which is activated 
by innate mechanisms. Activation of complement by MBL was described as late as 
in 1992.147 In the circulation, MBL exists only in complex with the MBL-associated 
serine proteases, MASP-1, MASP-2, MASP-3 and a 19 kD MBL-associated protein 
(Map 19). The complexes can contain different combinations of MASPs or Map 19, 
but fully functional MBL/MASPs complexes contain mainly MASP-2 (figure 6).148 
The MBL/MASPs complexes bind to certain saccharide residues such as mannose 
on pathogen surfaces. 

All three activation pathways converge in the formation of C3 convertases. The 
MBL/MASPs complex,  in analogy with the C1q/C1r/C1s complex cleaves C4 and 
C2, leading to the formation of the C3 convertase C4b2a. The C3 convertase of the 
alternative pathway, C3bBb, is composed of C3b and the large factor B-fragment 
Bb. The C3 convertases cleave more C3 into C3a, which is an inflammatory 
mediator, and C3b that may bind the C3 convertase and thereby create a C5 
convertase. The C5 convertase activates the terminal components of the complement 
system, starting with the cleavage of C5 into C5b and the anaphylatoxin, C5a. C5b 
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triggers the assembly of the membrane attack complex consisting of one molecule 
each of C5b,  C6, C7 and C8,  and up to 16 molecules of C9 in a polymerized form. 
The membrane attack complex forms a channel that may disrupt the bacterial 
membrane.92,149

Facilitating the uptake and destruction of pathogens and apoptotic cells by 
phagocytes is one of the most important functions of the complement system. 
Defects in phagocytosis are associated with a number of infectious and autoimmune 
conditions. Complements receptors 1 and 3 (CR1 and CR3) are present on 
phagocytic cells such as macrophages. CR1 binds to C3b and both receptors bind to 
an inactive form of C3b called iC3b. This interaction activates the macrophages. 
C5a, and also to a lesser extent C3a and C4a, act as inflammatory mediators that 
induce vascular changes at the site of inflammation resulting in the recruitment of 
antibodies, complement and inflammatory cells.  The complement system also 
reinforces the humoral immune response. Complement receptor 2 (CR2) is located 
on B-cells and acts like a co-receptor to the antigen-specific immunoglobulin 
receptor. Binding of the C3b degradation product C3dg to CR2 augments the antigen 
signal, leading to a more powerful antibody response.92

MBL structure and genetics

MBL belongs to a group of immune defence proteins called collectins (collagen-like 
molecules with a lectin domain). Other proteins that belong to this group are the 
lung surfactant proteins SP-A and SP-D, ficolins 1-3 and C1q. MBL is an oligomer 
composed of triple helix 25 kD polypeptide chains. Each polypeptide chain contains 
four domains: the amino-terminal cysteine-rich domain, the collagen-like domain, 
the coiled neck domain, and the carboxy-terminal globular carbohydrate-recognition 
domain (figure 6).  Most of the circulating MBL consists of trimers and tetramers in 
complex with MASPs, even though both higher and lower oligomeric forms exist.
150,151 MBL binds to surface structures of a wide range of pathogens, both Gram-
positive and Gram-negative. Among pathogens relevant for CF, S. aureus shows the 
strongest binding. B. cepacia also binds strongly to MBL, while P. aeruginosa and 
H. influenzae only show a weak binding.152,153

MBL is encoded by the MBL-2 gene located on chromosome 10, (MBL-1 is a 
pseudogene that does not encode any protein). The MBL-2 gene contains four 
protein encoding exons. In the gene, a number of polymorphisms associated with 
low levels of functional circulating MBL are present. In the region of exon 1 
encoding the collagen region, single base substitutions in codons 54, 57 and 52 are 
referred to as variants B, C and D respectively. Variant A indicates the wild type. The 
B, C and D variants (commonly referred to as 0 (zero)-variants) are associated with 
low MBL levels.154 Polymorphisms in the promoter region also influence the serum 
level of MBL, the most important being the H/L-variant, the X/Y-variant and the P/
Q-variant located at nucleotide positions -550,  -221 and +4 respectively (figure 6). 
The three loci are closely linked. The most common haplotypes are LXP, LYP, LYQ 
and HYP, where the HYP haplotype is associated with high serum level of MBL, 
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Figure 6. Schematic overview of the gene and protein structure of mannan binding 
lectin (MBL); a, The MBL-2 gene comprising four exons (1-4) and show three 
polymorphisms in the promoter region (H/L, Y/X and P/Q); b, MBL 25 kD polypeptide 
chain containing four domains : The amino-terminal cysteine-rich domain, the 
collagen-like domain,  the coiled neck domain,  and the carboxy-terminal globular 
carbohydrate-recognition domain; c, The MBL polypeptide chains form triple-helix 
chains; d, The triple-helix chains form MBL trimers or tetramers in complex with MBL-
associated serine proteases, e.g. MASP-2; e, The MASP-2 protein is comprised of  6 
domains with a known polymorphism in the first domain indicated. The gene 
encoding MASP-2 is shown below and contains 12 exons. Arrows indicate known 
mutations and polymorphisms in the genes.
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and LXP with low level.155 MBL-2 genotype frequencies concerning the structural 
gene, the X/Y- and the L/H loci, and the mean level of MBL in each genotype group 
in healthy blood donors are shown in table 3.

MBL deficiency

MBL deficiency is often defined by MBL-2 genotypes and their described 
association with low serum levels of functional MBL. These genotypes are 
homozygote 0-variants of the structural gene, or heterozygote structural gene A-
variant and promoter LXP-variant.154,155 In Caucasian populations, 10-15% are 
MBL-deficient by this definition. When serum level of MBL is used to define 
deficiency, the upper limit is usually 100 ng/ml.150,151 In table 3, MBL genotype 
frequencies and the mean MBL serum levels in each genotype in Swedish healthy 
blood donors are presented.156

MBL deficiency and susceptibility to infection

The clinical consequence of MBL deficiency is not clear. Reported associations with 
infectious conditions have in many cases not been possible to reproduce. In 
individuals with normal,  fully developed adaptive immunity, MBL deficiency has 
been reported to be overrepresented in patients with septicemia.157,158 Increased 
susceptibility to certain pathogens for example Mycoplasma and severe acute 
respiratory syndrome (SARS) corona virus were also reported.159,160 However,  in a 
study based on a large population no increased susceptibility for infectious diseases 
was found.161 
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Table 3. MBL-2 genotypes and serum concentrations of MBL in 200 healthy blood donors.156

   MBL-2 genotype 
frequencies (%)

Mean serum level 
of MBL (µg/L)

MBL-sufficient 
genotypes

A / A HYA / LYA 15.5 2217
LYA / LYA 3.5 2179
HYA / HYA 6.5 1965
LYA / LXA 13.5 1316
HYA / LXA 13.5 1150
LXA / LXA 5.5 379

YA / 0 HYA / HYD 7.5 692
LYA /HYD 4.0 504
HYA / LYC 0.5 463
HYA / LYB 10.0 297
LYA / LYB 6.0 238

MBL-deficient 
genotypes

XA / 0 LXA / HYD 1.5 141
LXA / LYB 5.0 21
LXA / LYC 0.5 <5

0 / 0 LYB / HYD 1.0 39
HYD / HYD 2.0 28
LYB / LYB 3.0 19
LYC / HYD 1.0 11

A, normal structural gene; B, C, D, mutated structural genes (0= B, C or D alleles); Y, promoter variant 
associated with high MBL expression; X, promoter variant associated with low MBL expression; L, H, 
promoter variants with non-significant association with MBL expression.
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MBL deficiency in children and immunocompromised patients

In children admitted to hospital for respiratory tract infections, MBL-deficient 
individuals were reported to be overrepresented.162 Another report suggested an 
increased risk for severe respiratory infections in MBL-deficient individuals 
between 6 and 17 months of age,  when maternal immunoglobulins have waned, and 
adaptive immunity is still immature.162,163 Also in patients immunocompromised due 
to chemotherapy, MBL deficiency is reported to be associated with increased risk for 
severe infections.164 In children with malignant diseases and neutropenia, MBL 
deficiency was associated with prolonged febrile episodes.164,165 Others report no 
correlation between MBL deficiency and infectious complications to chemotherapy.
166,167 

MBL deficiency in autoimmune diseases

MBL variant alleles were reported to be risk factors for developing systemic lupus 
erythematosus (SLE) in one British and one Chinese population168,169, while this 
association was not reproducible in a Japanese population.170 Severe disease 
presentation and increased susceptibility to infection in SLE patients with MBL 
deficiency were also reported.171 Another investigation, however, found no such 
association.172 In rheumatoid arthritis, there are conflicting data on the association 
between MBL deficiency and poor outcome.173,174

MBL deficiency in CF

As previously mentioned, Garred et al. have reported an association between MBL 
deficiency and early death from CF. In this study, 146 patients were included and 
lowered lung function as well as increased mortality were found in patients with 0/0 
and YA/0 genotypes.175 A case report where MBL substitution in an MBL-2 variant 
homozygous patient with severe CF lung disease led to a stabilized clinical 
condition was also published.176 The association between MBL deficiency and 
severe CF presentation was confirmed by Gabolde et al, who identified eleven out of 
164 patients with 0/0 genotypes. These patients were matched for age and gender 
with eleven control patients with A/A genotypes. More serious lung damage and a 
tendency to higher prevalence of P aeruginosa colonization were seen in the 0/0-
group.177 In 179 CF patients from Belgium and the Czech Republic, non-significant 
tendencies towards lowered lung functions were seen in MBL-deficient patients both 
when A/A patients were compared with A/0 and 0/0, and when A/A and YA/0 were 
compared to XA/0 and 0/0-patients.178 

An association between 0/0 genotypes and reduced lung function and frequent 
hospital admission was found in adults but not in children, when 558 CF patients 
from the UK were investigated.179 One more study suggested a correlation only in 
adults, although no significant correlations were seen. Here, no MBL-2 genotyping 
had been performed, but patients with MBL serum levels below 200 ng/ml were 
regarded as MBL deficient.180 In a study where the prevalence of suggested CF 
modifier genotypes was investigated in 263 patients with severe CF phenotype and 
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545 patients with mild CF phenotype,  MBL-2 0-variants were not overrepresented in 
the patients with severe phenotype.79 Olesen et al. investigated 109 CF patients who 
were stratified according to MBL-2 genotype as 'high' (YA/YA and YA/XA), 
'intermediate' (YA/0 and XA/XA) and 'low' (XA/0 and 0/0). Surprisingly the 'high' 
group had significantly worse lung function than the other groups.181 In summary, 
data on the association between MBL deficiency and CF are conflicting. There is a 
tendency for recent studies and studies in children to show less marked correlations 
than older studies and studies in adults (table 1). 

Production of MBL

MBL is mainly produced by hepatocytes.  Reports of rising MBL levels in patients 
following surgery or road accidents led to the definition of MBL as an acute phase 
reactant.182,183 In patients suffering from acute poststreptococcal glomerulonephritis, 
the MBL levels were elevated compared to controls.184 Other studies on patients 
undergoing surgery, and on patients with various severe infections have not shown 
any clear-cut elevation of MBL during such events. 

Extrahepatic production of MBL has earlier been reported in murine intestinal 
epithelial cells.185 More recently mRNA of the human MBL-2 gene was found in 
intestinal epithelium, testis cells and also in a monocyte like cell line after LPS 
stimulation. The authors suggested that local production of MBL could play a role in 
innate immune defence.186 A substantial increase in MBL levels during pregnancy, 
and a decrease to about 50% of baseline immediately postpartum were recently 
described.187

MASP-2

MASP-2 is necessary for adequate function of the MBL pathway. The MASP-2 gene 
and protein are illustrated in figure 6. An A→G mutation in exon 3 resulting in 
exchange of glycine for aspartic acid at position 120 (position 105 in the mature 
protein) is reported to be associated with low serum levels of MASP-2. The reported 
allele frequency for this mutation in a Danish population was 5.5 %. The first 
described patient homozygous for this mutation manifested severe autoimmune and 
infectious diseases.188 Another homozygous individual had CF with severe disease 
presentation, indicating that MASP-2 or the MBL activation pathway may play a 
role for outcome in CF.181
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Aims of the present studies
The aim of this thesis was to further increase our knowledge concerning the events 
underlying the development of lung damage in CF and to elucidate the interaction 
between bacteria and host immune defence. The specific aims of the present studies 
were:

1. To investigate the relationship between the formation of autoantibodies 
(BPI-ANCA), colonization with P. aeruginosa and the development of lung 
damage. (I, II)

2. To evaluate BPI-ANCA as a prognostic marker in CF. (I, II)

3. To assess the importance of the MBL pathway of complement in CF lung 
disease. (III)

4. To investigate CF isolates of P. aeruginosa in order to study biological 
differences between isolates from BPI-ANCA positive patients with isolates 
from BPI-ANCA negative patients. (IV)
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Patients and methods

Patients 
Patients at the CF centres of the Department of Pediatrics and at the Heart Lung 
Division at Lund University Hospital and patients from the CF centre at Copenhagen 
University Hospital were included in the presented studies. CF was confirmed by 
genotyping with regard to CFTR mutations in all included patients. Data on CFTR 
genotypes,  ages, lung function and microbiological conditions are given in table 4. 
The Swedish patients studied in paper II are essentially the same as were studied in 
paper III. 

Paper I: Forty-six adult patients out of the 54 who were seen at the Lund CF centre 
at the time of the study were included. One serum sample was drawn from each 
patient. Lung function and microbiological findings at this time point were obtained 
from the patients’ records. The patients were then followed prospectively as 
described below. 

Paper II: All CF patients at the CF centres in Lund and Copenhagen were asked to 
participate. In Copenhagen, 237 patients were included (Danish patients). In Lund, 
129 patients were included (Swedish patients). Serum samples were drawn at 
inclusion, and in the Swedish patients, additional samples were drawn at intervals of 
six to twelve months for at least twice.

Paper III: Serum samples and blood samples for DNA extraction was obtained from 
112 Swedish patients.  Lung function and microbiological conditions at this time 
point were obtained from the patients’ records.

Paper IV: CF patients who had been chronically colonized with P. aeruginosa for at 
least three years were identified for the study. Negative BPI-ANCA is rare in 
patients with a long history of P. aeruginosa colonization, although six BPI-ANCA 
negative patients were available. These were compared with seven arbitrarily chosen 
BPI-ANCA positive patients.
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Table 4. CFTR genotypes, age, lung function and P. aeruginosa colonization in the 
patients included in the studies. 

Paper  n median age 
(range)

CFTR genotype group 
(%)

FEV1% 
pred

 PA (%)

 A B C D

I 46 25 (18-45) 52 24 7 17 66 59

II Swedish 129 20 (2-54) 55 18 12 15 83 40

Danish 237 20 (0.5-54) 73 13 6 8 80 38

III 112 20 (4-54) 53 20 11 16 83 42
CFTR genotype: A, homozygosity for ∆F508; B, severe/severe mutation; C, one or two missense 
mutations; D, one or two unknown mutations. The genotype groups are further explained in the 
Introduction section; FEV1%pred, Median forced expiratory volume in 1 second, expressed as 
proportion of the predicted value, measure of lung function; PA, P. aeruginosa colonization.
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Ethics
The Research Ethical Committees of Lund and Copenhagen Universities approved 
the studies, and written informed consent was obtained from each patient, or,  in the 
case of children, their parents.

Statistics
Non-parametrical tests were used when analysing lung functions, BPI-ANCA and 
MBL-pathway data. To compare medians, the Mann-Whitney test was used. To 
analyse contingency tables,  Fisher’s exact test was used, if not indicated otherwise. 
To calculate correlations, the Spearman rank test was used. Results were considered 
significant when p<0.05.

Measurement of lung function
Spirometry measures static and dynamic lung volumes. Forced expiratory volume in 
one second (FEV1) is a commonly used measurement of lung function and is known 
to correlate with outcome in CF lung disease.189,190 Lung function increases 
physiologically until the age of approximately 20, after which it declines. FEV1 is 
often expressed as a proportion of a predicted value according to height,  age and 
gender (FEV1%pred). Normal values for lung function are calculated differently in 
children and adults, which must be taken into consideration when investigating CF 
patients, as the median age of these populations often is around 20 years of age.
191,192

In the present studies, lung function was measured by spirometry for medical 
purposes and FEV1%pred was calculated according to Solymar in children and in 
adults according to Quanjer.191,192 In the Swedish patients (I, II,  III and IV), lung 
function was recorded in conjunction with serum sampling. In the Danish patients 
(II), lung function was measured on each out-patient visit, and calculated as mean 
values from one year of measurement prior to inclusion. Lung function was 
considered normal when FEV1%pred was more than 80 % and values between 50 
and 80 % were considered as indicating moderate lung damage.

Microbiological diagnosis
In the Swedish patents, colonization with P. aeruginosa was considered chronic after 
three consecutive positive cultures (I, II and III).  In the Danish patients (II), 
colonization was considered chronic when an organism had been cultured for six 
consecutive months, or when there was an increase in precipitating antibodies above 
the normal level (II).
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Serum analyses with enzyme-linked immunosorbent 
assays (ELISAs) 

BPI-ANCA (I, II and IV)

Microtitre plates were coated with purified BPI.  Patient serum was added and bound 
antibodies of IgG and IgA class were detected using labelled goat anti-human IgG 
and IgA respectively.  Quantification was made from a calibrator curve and results 
expressed as arbitrary units.98 In paper I, no calibrator curve was available for IgA-
BPI-ANCA, and therefore the results were expressed as optical density. The positive 
cut-off levels were defined by the absorbance values of 42 healthy blood donors +3 
SD. Positive level of IgG-BPI-ANCA was defined as serum level above 20 U/L and 
IgA-BPI-ANCA OD 0.14 (I) or 67 U/L (II). In paper I the patients were stratified 
according to BPI-ANCA levels using arbitrary high-level cut-offs. BPI-ANCA has 
previously been analysed in a pediatric non-CF population and the median value was 
found to be on the same level as in adult blood donors (personal communication L 
Dorlöchter, Bergen, Norway).

MBL (III) and IL-8 (IV)

Both MBL and IL-8 were measured with sandwich-ELISAs. Microtitre plates were 
coated with monoclonal antibodies directed against the target molecule.  Sample was 
added and detection was made using a labelled secondary antibody directed against 
the target molecule. In the MBL analysis, 200 healthy blood donors were used as 
controls.193

MBL pathway function (III)

Microtitre plates were coated with mannan and serum was added. Anti-C1q 
antibodies were added to prevent activation of the classical pathway.  MBL pathway 
activation was quantified by measuring C5b-9n using a labelled antibody specific for 
the complex.194

Typing of genes encoding MBL and MASP-2 (III)
DNA from peripheral blood leukocytes was extracted by a salting out method.195

MBL genotypes

Known polymorphisms in exon 1 of the MBL gene were analysed by allele specific 
polymerase chain reaction (PCR) amplification. The wild type structural allele is 
designated A. A mutation allele at codon 52 of the structural gene is designated D, at 
codon 54 B and at codon 57 C. H and L denominate promoter variants at position 
-550, and X and Y denominate promoter variants at position -221.154 200 healthy 
blood donors were used as controls.156
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MASP-2 genotypes

The 258 base pair fragment of chromosome 1 that encodes the CUB1 domain of 
MASP-2 was amplified by PCR and sequenced by pyrosequencing as described in 
paper III.156,188,196

Cell stimulation with clinical isolates of P. aeruginosa (IV)

Culture and preparation of P. aeruginosa isolates 

Bacteria were stored at -80°C, thawed and grown for 18 hours on agar plates. For 
stimulation with bacteria, a single colony from the primary agar plate was spread on 
a secondary agar plate and incubated for 18 hours to give a confluent growth. 
Bacteria were harvested, washed,  suspended in PBS and serially diluted. Bacterial 
density was confirmed with viable count. For stimulation with substances released 
from the bacteria, a colony from the primary agar plate was suspended in LB-
medium and incubated for 18 hours. The bacteria were then spun down and the 
supernatant collected after filtration. 

A549 cell culture and stimulation

Prior to stimulation,  the human alveolar epithelial-like lung carcinoma cell line 
A549 was plated onto 6 well plates and cultured overnight to approximately 80 % 
confluency. In order to study the interactions of bacterial cell wall structures with the 
epithelial cells, whole bacteria were suspended in RPMI supplemented with 
Gentamicin and fetal calf serum at densities of 109,  107, 106 and 105 bacteria/ml. The 
interactions of released substances were studied after stimulation with 20 % 
supernatant in the same medium as described above.

Isolation and stimulation of PMNs

PMNs were isolated using PolymorphprepTM (Axis-Shield PoC AS, Oslo, Norway) 
from human blood kindly provided by five healthy volunteers. Tubes containing 106 
PMNs and 200µl bacterial supernatant was mixed with 800 µl RPMI with 
Gentamicin and incubated for 18-20 hours. The percentage of PMN was 95-99 %, as 
determined by Türk staining. Viability, checked using Tryptan Blue exclusion test 
was >95 %.

Cell analysis with flow cytometry

To analyse the proportions of live, apoptotic and necrotic cells after stimulation we 
used flow cytometry. The PMN population was selected by gating with appropriate 
settings for forward scatter (FSC) and sideward scatter (SSC).  The apoptotic cells 
were measured with the FL1 fluorescence channel that was used to record the 
emitted fluorescence from Alexa fluor 488-labelled Annexin V and the necrotic cells 
with the FL3 fluorescence channel that was used for BD Via-Probe. Cells positive 
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for annexin V only are from now 
on denominated as apoptotic 
cells and all cells positive for BD 
Via-Probe as necrotic, including 
double positive cells (figure 7).

Levels of MBL-2 
mRNA in monocytes 
using Real-time PCR
Monocyte total RNA was 
purified using the RNeasy kit 
(Qiagen) according to the 
manufacturer’s instructions. The 
RNA was reversibly transcribed 
into cDNA. For determination of 
the expression of various target 
genes, quantitative PCR assays 
were performed on an ABI 
PRISM 7000 Sequence Detector 
using Taqman chemistry. In 
short, fluorescence is correlated 
to the number of probes 
hybridized to their targets and 
cleaved by the polymerase 
activity. Primer/probe sets were 
purchased from Applied 
B i o s y s t e m s ( S t o c k h o l m , 
Sweden). The expression of the 
housekeeping gene Beta-actin 
was used for normalization. The 
level of expression was 
calculated on the basis of the 
PCR cycle number (Ct) at which 
the exponential growth in 
fluorescence from the probes passed a certain threshold value.  Relative expression 
was determined by the difference in the Ct values for the target genes after 
normalization to RNA input level, using beta-actin Ct values (∆∆Ct).
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Figure 7. Scattogram from flow cytometry 
analysis of polymorphonuclear granulocytes 
stained with annexin V for detection of apoptotic 
cell (FL1) and BD Via-Probe for necrotic cells 
(FL3).  A, Freshly isolated cells; B, cells 
incubated for 15 hours. Cells  in the lower right 
field are apoptotic and cells in the upper right 
and left are necrotic.
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Results and discussion

BPI-ANCA in CF lung disease
CF is not an autoimmune disease,  yet autoantibodies against BPI are found in most 
of the patients. Moreover, previous reports have indicated that there is a close 
correlation between BPI-ANCA and colonization with P. aeruginosa and decreased 
lung function. The reason why CF patients develop these autoantibodies is not 
known. Exploring this issue is interesting, not only in order to understand CF lung 
disease, but to shed light on the development of autoantibodies in general. Most 
patients deteriorate in their lung disease after becoming colonized with P. 
aeruginosa. There are however patients who have been colonized for years with 
preserved lung function. Our decision was to investigate the relationship between 
BPI-ANCA, lung damage and P. aeruginosa colonization in CF patients in order to 
find a clue as to why BPI-ANCA is formed and what role it plays in CF lung 
disease. We were also interested in the clinical potential of BPI-ANCA in predicting 
the development of CF lung disease.

BPI-ANCA in adult patients (I)

BPI-ANCA of isotypes IgG and IgA were measured in 46 adult CF patients with a 
median age of 24.6 years (range 18.4 – 44.6).  All patients were genotyped 
concerning CFTR, and 24 patients were homozygous for ΔF508. No correlation 
between CFTR genotype and clinical data was seen. Lung function data (FEV1%
pred) and microbiological findings were recorded. P. aeruginosa colonization was, 
as expected, strongly associated with reduced lung function (table 5).
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Table 5. Lung function in BPI-ANCA positive and BPI-ANCA negative patients 
according to colonization with P. aeruginosa.

All patients  IgG-BPI-ANCA  IgA-BPI-ANCA
   positive  negative  positive negative

n FEV1% 
pred

 n FEV1% 
pred

n FEV1% 
pred

 n FEV1% 
pred

n FEV1% 
pred

PA 27 54 21 45 6 83 20 45 7 97

not 
PA 19 83 12 69 7 89 7 69 12 88

All 46 66 33 61 13 89 27 58 19 93

FEV1%pred, Median forced expiratory volume in 1 second, expressed as proportion of the 
predicted value, measure of lung function; PA, P. aeruginosa colonization. Correlation between P. 
aeruginosa colonization and lung function, p=0.007, Mann-Whitney test.
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Correlation with lung function within the P. aeruginosa colonized group 

As shown in table 5, the BPI-ANCA negative patients did not have reduced median 
lung function, not even the P. aeruginosa colonized patients. Significantly higher 
levels of BPI-ANCA were found in the P. aeruginosa colonized patients, for both 
IgG- and IgA-BPI-ANCA (figure 8). 

Levels of both IgG- and IgA-BPI-ANCA were inversely correlated to lung function. 
The correlation was somewhat stronger for IgA-BPI-ANCA (figure 9). Significant 
correlation between BPI-ANCA and lung function was still seen when only the P. 
aeruginosa colonized patients were analysed, p=0.008, but in patients not colonized 
with P. aeruginosa no correlation was seen. These results led us to suspect that 
elevated serum levels of BPI-ANCA selected those CF patients who were likely to 
develope lung damage from their P. aeruginosa colonization. IgA-BPI-ANCA was 
found in fewer patients but its correlation with lung damage was slightly stronger, 
indicating that IgA-BPI-ANCA might have a higher specificity.
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Figure 8. BPI-ANCA levels in 
p a t i e n t s c o l o n i z e d w i t h 
Pseudomonas aeruginosa (PsA+) 
and not colonized with P. 
aeruginosa (PsA-).  Medians and 
the 75th percentiles are shown. 
The Mann-Whitney test was used 
to compare medians.
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Figure 9. Both IgG-BPI-ANCA  and IgA-BPI-ANCA were inversely correlated to lung 
function.  For IgG-BPI-ANCA, r = -0.47, 95 % confidence interval (CI) -0.68 to -0.21, 
p=0.008. For IgA-BPI-ANCA, r =  -0.57, 95 % CI -0.74 to -0.32, p=0.008, Spearman 
rank correlation.
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Vasculitis like symptoms in CF 

Secondary vasculitis and vasculitis-like symptoms such as musculoskeletal and 
cutaneous manifestations have occasionally been reported in CF patients.89-91 
Therefore IgG-PR3-ANCA and IgG-MPO-ANCA were measured and the patients 
were interviewed concerning musculoskeletal symptoms. No correlation was found, 
and we concluded that vasculitis-like symptoms in CF are not ANCA associated, in 
accordance with previous findings.139

IgG concentration and BPI-ANCA in relation to lung function

Hypergammaglobulinemia, and elevation of certain IgG subclasses have been 
reported to correlate with decreased lung function82-84 and serum IgG concentration 
is of some clinical use in determining overall inflammatory activity. In this group of 
patients, however, no significant differences in total IgG were seen when the patients 
were stratified according to lung function (figure 10). 

The findings from paper I implied that BPI-ANCA could prove to be a useful tool in 
the clinical care of CF patients and maybe even a prognostic marker. We therefore 
decided to follow the patients prospectively.

BPI-ANCA as a predictor of severe adverse outcome (II)

Out of 46 patients included in the first study, 40 were available for follow-up. The 
remaining six patients had either moved (five patients) or died from a non-CF 
related disease. The median time elapsing from the drawing of the first BPI-ANCA 
sample until follow-up was made was 5.7 years. Since we knew that BPI-ANCA is 
strongly correlated to decreased lung function (which in itself is a poor prognostic 
sign) we were not surprised to find that severe adverse outcome (see II for 
definition) was clearly overrepresented in those who were IgA-BPI-ANCA positive 
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at inclusion, p=0.01. At follow-up 15/28 IgA-BPI-ANCA positive patients had 
severe adverse outcome, 11 had preserved lung function and three were lost to 
follow-up. In the IgA-BPI-ANCA negative patients, 2/18 had severe adverse 
outcome (3 drop-outs).

To determine the significance of IgA-BPI-ANCA beside its correlation to lung 
function, the patients were stratified according to FEV1%pred at inclusion. 
Moderate lung damage, defined as FEV1%pred between 50 and 80%, was found in 
17 patients, seven IgA-BPI-ANCA negative and ten IgA-BPI-ANCA positive and 
within this group severe adverse outcome was overrepresented in the IgA-BPI-
ANCA positive patients, p=0.05. The results are interesting,  as the greatest use for a 
prognostic marker in CF would be in patients with moderate lung damage, in whom 
prognosis is most difficult to predict.

Positive IgG-BPI-ANCA was also associated with severe adverse outcome when 
investigating all of the 40 patients, p=0.04, although the association was not 
significant after stratification for lung function. 

BPI-ANCA in 366 CF patients (II)

Our first study indicated that BPI-ANCA was positive only in patients whose P. 
aeruginosa colonization is associated with lung damage. The finding that a serum 
sample may distinguish between harmful and harmless colonization needed 
confirmation, and it also raised questions about the formation of BPI-ANCA. Was 
the BPI-ANCA response a consequence of P. aeruginosa colonization in certain 
patients, or had the BPI-ANCA formation preceded the colonization, creating 
conditions that facilitated tissue damage? In order to shed light on these issues, 
serum samples and clinical data were collected from 237 Danish and 129 Swedish 
CF patients, aged 0.5-54 years. In the Swedish patients, additional sera were drawn 
at six-month intervals at least twice. Measurement of lung function and definition of 
chronic colonization differed between the two cohorts.  Results were, however, 
similar, and here the results are presented as one cohort, if not indicated otherwise. 
Lung transplantation had been performed in 21 patients, and due to low age no lung 
function data were available in 33 patients.  These patients were excluded from 
certain calculations.

IgG-BPI-ANCA in comparison with IgA-BPI-ANCA

The levels of IgA- and IgG-BPI-ANCA showed a significant correlation (r=0.42, 
p<0.0001). Out of 312 patients, however, only 175 were concordant for IgG- and 
IgA-BPI-ANCA positivity. The double-positive (A+G+) and the double-negative (A-

G-) groups were significantly different with regard to P. aeruginosa colonization 
(p<0.0001, Fisher’s exact test) and lung function (p<0.0001, Mann-Whitneys test) 
with the unfavourable results found in the double-positive group. 127 patients were 
discordant with respect to IgG and IgA-BPI-ANCA. The results of the A+G- group 
closely resembled those found in the double-positive group. In a similar fashion the 
A-G+ group closely resembled the double-negative group. We concluded that IgA-
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BPI-ANCA has better specificity for lung damage and P. aeruginosa colonization 
and that BPI-ANCA measurement in CF patients can be limited to this isotype (table 
6). From now on, all results presented refer to IgA-BPI-ANCA. As the highest levels 
of IgG-BPI-ANCA were seen in patients with severe disease presentation, it is 
possible that IgG-BPI-ANCA harbours the same information as IgA-BPI-ANCA if 
analysed with regard to the magnitude of the serum concentration. Presently we do 
not know at what concentration IgG-BPI-ANCA adds relevant information.

Confirmation of relations between BPI-ANCA, lung function and P. aeruginosa 
colonization

The correlation between lung damage, P. aeruginosa colonization and BPI-ANCA 
was confirmed in both the Swedish and the Danish cohort.  The correlation between 
lung damage and BPI-ANCA was seen in children as well. 

The group of patients who were colonized with P. aeruginosa but were BPI-ANCA 
negative, had as a group normal lung function (median FEV1%pred 80%) (figure 
11). This finding confirmed what was seen in our first study, and we conclude that 
BPI-ANCA is found in patients where the P. aeruginosa colonization is associated 
with deterioration in the lung disease, and thus have important clinical implications.

Positive BPI-ANCA in patients not colonized with P. aeruginosa is rare and was 
found only in six patients altogether. Still these patients had significantly lower lung 
function than the BPI-ANCA negative patients without BPI-ANCA. Chronic 
colonization is preceded by intermittent colonization and probably also by 
colonization not detectable by routine sampling and culture. It can be speculated that 
BPI-ANCA in a not yet colonized patient indicates an early colonization that, 
according to our findings, will cause serious lung damage.

BPI-ANCA is formed in response to P. aeruginosa colonization during disease 
course

In order to create a fictive time scale, the patients were divided into groups 
according to age. The BPI-ANCA levels were higher in the older age groups (figure 
12). These findings contrast to Mahadeva et al. who found no relation between BPI-
ANCA and age.139 In all age groups there was a close correlation between the 
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Table 6. Number of patients and median FEV1%pred in patients positive or negative 
for IgG-and IgA-BPI-ANCA respectively. 

  IgA-BPI-ANCA

  Positive Negative

  n FEV1%pred n FEV1%pred

IgG-BPI-ANCA Positive 75 60 119 84

Negative 18 54 100 87

FEV1%pred, Median forced expiratory volume in 1 second, expressed as proportion of the 
predicted value, measure of lung function; Comparison between +/+ and -/- groups: p<0.0001 for 
FEV1%pred, Mann-Whitney’s test.
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prevalences of P. aeruginosa colonization and BPI-ANCA. More patients were P. 
aeruginosa colonized than BPI-ANCA positive, and more patients were BPI-ANCA 
positive than those who had severe lung damage.  The prevalences of P. aeruginosa 
colonization, BPI-ANCA and severe lung damage increased with age, which gave 
the impression that colonization had preceded BPI-ANCA formation, which in turn 
had preceded the development of severe lung damage, see figure 2 in paper II. These 
findings indicated that BPI-ANCA development was a consequence of P. aeruginosa 
colonization. BPI-ANCA did not, however, always follow P. aeruginosa 
colonization. About one third of the colonized patients did not show a BPI-ANCA 
response. It seemed that BPI-ANCA could distinguish harmful from harmless 
colonization. 
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BPI-ANCA in serum is a stable finding but decreases after lung transplantation

In the Swedish patients, BPI-ANCA was measured at six-month intervals. 
Significant changes in BPI-ANCA were unusual. Decrease in BPI-ANCA was found 
in six out of 121 patients, and four of these underwent lung transplantation at the 
time point in question. In all, seven patients were lung transplant recipients during 
the study periods, and all of them decreased significantly in BPI-ANCA. One patient 
was a lung transplant recipient before she was included in the study. At the time of 
the study she developed chronic rejection and was re-colonized with P. aeruginosa. 
During this period her BPI-ANCA level rose significantly.  Increase in BPI-ANCA 
was found in ten more patients, in one of whom simultaneous acquisition of a new P. 
aeruginosa strain was documented (table 7).

In summary we found that BPI-ANCA is a stable finding in most CF patient. It 
seems to develop as a response to P. aeruginosa colonization and the removal of 
bacterial colonization by lung transplantation decreases the levels of BPI-ANCA. 
ANCA-associated colonization implies higher risk for serious lung damage. The 
biological events underlying this connection are not known. Either the development 
of BPI-ANCA is depending on constitution, meaning that patients at risk of 
developing serious lung damage are the ones prone to produce BPI-ANCA, or is 
BPI-ANCA developd as a result of colonization with certain pathogenic strains, and 
is harmful perhaps by blocking BPI, once developed. 
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Table 7. Patients whose levels of BPI-ANCA rose during the study period and 
description of clinical condition.

Gender Age (years) Assessement of clinical condition during the inter-
sample time.

M 9 Good clinical condition.

F 12 Clinically stable. Chronically colonized.
M 17 Temporarily clinically unstable. Weightloss and repeated 

iv antibiotics.
M 19 Temporary decline in FEV1 by 1L.
F 20 Temporary increase in need for antibiotics due to recent 

influenza.
F 21 Clinically unstable with continuous deterioration.
M 24 Chronically advanced lung disease.
F 25 Substantial radiological and clinical progress of lung 

disease.
M 33 Temporary clinical deterioration and loss of lung 

function.
F 35 Car accident with thoracic trauma leading to impaired 

physioterapeutic treatment. Gets chronically P. 
aeruginosa colonized.

F 36 Lung transplanted at age 27. Now debute of chronical 
rejection and P. aeruginosa recolonization. 
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MBL pathway of complement and CF (III)
As MBL was proposed as a modifier of CF lung disease, and BPI-ANCA seemed to 
be correlated to outcome in CF, we were interested in the relation between BPI-
ANCA and MBL deficiency.175,177 To this end, 112 patients were genotyped 
regarding their MBL-2 gene. Exon 3 of the MASP-2 encoding gene was also 
investigated, as an A→G point mutation resulting in exchange of glycine into 
aspartic acid at position 120 was known to be associated with decreased function of 
the MBL pathway. The MBL pathway was also measured with a functional assay, 
and the serum concentrations of MBL and MASP-2 were determined. The 
correlation of the results with BPI-ANCA and clinical parameters was investigated.

The genes encoding MBL and MASP-2

MBL-2 genotype frequencies were similar in the CF patients and in the 200 healthy 
blood donors who were investigated as controls. This was no surprise, as a linkage 
between the CFTR gene on chromosome 7 and the MBL-2 gene on chromosome 10 
was not expected.

The MBL and MASP-2 proteins

The serum levels of MBL correlated as expected with the MBL-2 genotypes. An 
unexpected finding was however that the CF patients had higher serum 
concentrations of MBL than the controls. (Figure 13) This finding was later 
confirmed in a Danish cohort of CF patients.181 Furthermore, we found that the 
MBL concentrations decreased after lung transplantation in four patients (Figure 
14). MBL has been reported to be elevated in connection with acute inflammatory 
conditions.182,183 In order to estimate the degree of ongoing acute phase reaction, 
CRP was measured in all CF patients with a high sensitivity method.  The median 
CRP level in the CF patients was 3.1 mg/l, which was slightly elevated compared to 
0.9 mg/l in the controls. In clinical practice, the reference interval is usually <5 mg/l, 
indicating that the CF patients do not show acute phase reaction by the generally 
appreciated definitions. The elevated serum concentrations of MBL in the CF 
patients could thus possibly be explained by other factors, perhaps extrahepatic 
production. 
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Figure 13. Serum concentrations of 
mannan binding lectin (MBL) and MBL 
pathway function (MBLpf) in 200 healthy 
blood donors (controls) and 112 cystic 
fibrosis patients. Medians and the 75th 
percentiles are shown. The Mann-
Whitney test was used to compare 
medians.
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A report on MBL production in intestinal biopsies from patients with coeliac disease 
suggested local production of MBL by macrophages.197 This led us to investigate 
isolated monocytes from five CF patients, all with MBL sufficient genotypes, 
concerning the expression of the MBL-2 gene using real time PCR. However, no 
such expression was found.

Also for MASP-2, the circulating levels were higher in CF patients than in controls. 
Both CF patients and controls heterozygous for the MASP-2 gene mutation had 
decreased levels of circulating MASP-2 compared to patients with no mutation. 
Another interesting finding was that among the controls, MASP-2 heterozygous 
individuals had higher levels of MBL than others with the same MBL-2 genotype, 
perhaps reflecting a compensatory MBL production. 

The function of the MBL pathway

Paradoxically, when the function of the MBL pathway was measured, higher values 
were found in the healthy controls despite their lower serum MBL levels (figure 13). 
This discrepancy between the levels of circulating MBL and the function of the 
MBL pathway has not been reported earlier for CF or any other disease. The 
impression was that CF could be associated with overproduction of MBL that may 
be dysfunctional. This notion was underscored by the fact that despite substantial 
decreases in the MBL serum levels after lung transplantation, no corresponding 
decreases in the MBL pathway functions were seen. Another possibility is that in the 
assay used, MBL is not the limiting factor for the MBL activation pathway. MASP-2 
gene mutation was associated with decreased function of the MBL pathway in CF 
patients, but not in controls,  again showing an unexplained decreased function of the 
MBL pathway in the sera of CF patients compared to controls. 
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Figure 14. Serum concentrations of mannan-binding lectin (MBL) and MBL pathway 
function (MBLpf) in four patients who underwent lung transplantation. MBL-2 
genotypes are given.
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MBL pathway and outcome in CF

No difference in lung function between MBL-sufficient and MBL-deficient patients 
was found, nor was any difference in lung function between patients with MASP-2 
gene mutation and wild types found. Only in patients colonized with S. aureus, was 
there a correlation between lung damage and MBL deficiency, although this finding 
was made post hoc.  MBL binds to S. aureus with high affinity,  perhaps explaining 
the importance of the MBL pathway in individuals colonized with this species.86,153 
No MBL or MASP-2 genotypes were overrepresented in the patients with lung 
transplants. In contrast to what we expected, we found that chronic colonization with 
P. aeruginosa was more common in patients with MBL-sufficient genotypes. In 
conclusion, no prognostic disadvantage of MBL deficiency, except for in S.  aureus 
colonized patients, was found in the investigated cohort. No correlation between 
MBL deficiency and BPI-ANCA was found. These results implied that host factors 
might not be decisive for outcome in CF lung disease, and thus we went on to 
investigate bacteria related factors.

Induction of cell death and inflammation by P. 
aeruginosa (IV)
In paper IV we hypothesized that P. aeruginosa isolates from BPI-ANCA positive 
and BPI-ANCA negative patients respectively, had different biological properties, 
and thus contribute to disease progression in different ways. 

Our hypothesis was based on the fact that chronic colonization with P. aeruginsa has 
different implications for disease development in different patients. It was not 
known what factors that determine the development. The generation of BPI-ANCA 
seemed to be an event closely correlated to disease progression,  although we did not 
know if BPI-ANCA was a result of an unfortunate interaction between host and 
pathogen or if BPI-ANCA once formed contributed to the tissue damage (or perhaps 
both).

Pyocyanin is mainly produced by isolates from BPI-ANCA negative 
patients

Pyocyanin is a green-blue pigment that is exclusively produced by P. aeruginosa.  In 
CF isolates, however, the green phenotype yielded by pyocyanin is rarely found. 
When inspecting the phenotypes of the collected clinical isolates we found that the 
strains from BPI-ANCA negative patients in most cases had green phenotypes, while 
the strains from the BPI-ANCA positive patients in most cases had white (non-
pyocyanin producing) phenotypes. The reference strain PAO1 is originally an 
environmental isolate, which has a distinct green phenotype. In CF P. aeruginosa 
colonizes the airways for years or even decades and during this time the bacteria 
adapt to the environment by down-regulating virulence factors in order to escape the 
immune defence and also develop resistance against antibiotics. The phenotypical 
resemblance between the non-BPI-ANCA associated strains and the environmental 
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isolate leads us to conclude that BPI-ANCA associated strains have gone further in 
the process of adapting to the CF airways than the non-BPI-ANCA associated strains 
(figure 15).

Cell death and induction of IL-8 release in epithelial cells.

Supernatants containing substances released from the bacteria during overnight 
growth in LB-medium were collected and used for stimulation of epithelial cells. 
The number of apoptotic and necrotic cells were then investigated using flow 
cytometry. PAO1 was the most powerful inducer of cell death, both necrosis and 
apoptosis, and thereafter the non-BPI-ANCA associated strains. The BPI-ANCA 
associated strains induced no cell death compared to control. The same pattern was 
seen for IL-8 induction by the different groups of bacteria.  PAO1 induced the most 
and the BPI-ANCA associated strains induced the least IL-8 release from the 
epithelial cells. (Here, the largest differences between the groups were seen when the 
epithelial cells were stimulated with whole cell bacteria,  measuring the effects of the 
bacterial surface structures) 

These results seemed at first paradoxical. As BPI-ANCA in CF is associated with 
severe disease and poor prognosis, we were surprised to find that these strains did 
not induce any cell death in epithelial cells, while the non-BPI-ANCA associated 
strains did, and that the non-BPI-ANCA associated strains gave a more powerful 
pro-inflammatory signal. They are however in accordance with the fact that P. 
aeruginosa down regulates virulence factors during long term colonization, which is 
beneficial for the microbe, but obviously a disadvantage for the host.23,70,71

Cell death in PMNs

PMNs were isolated from five healthy donors, and the cells were challenged with 
supernatants from P. aeruginosa isolates over night. In the PAO1 stimulation, flow 
cytometry was performed at repeated time points during the experiment. We then 
found that PAO1 induced direct necrosis in the PMNs with no preceding apoptosis. 
When the clinical isolates were investigated after 18 hours, the strains with green 
phenotypes had induced increased necrosis in the PMNs. The PMNs stimulated with 
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Figure 15. Cultures of Pseudomonas aeruginosa grown of ISO–sensitest agar 
(Oxoid,  UK); A, the reference strain PAO1, showing a green phenotype;  B, clinical 
CF isolate with green phenotype; C, clinical CF isolate with white phenotype. 
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supernatants from white phenotype strains showed an increased number of apoptotic 
cells. Again the isolates that most closely resembled the environmental isolate 
showed the strongest pro-inflammatory properties.

The fact that the CF patients with the most severe disease carry bacteria with the 
least ability to induce inflammation underscores the fact that an adequate immune 
response is necessary to clear a bacterial invasion. From the point of view of the 
bacteria,  the possibilities of propagation increase if they can become “invisible” to 
host defence.
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Conclusions and future perspectives

The clinical relevance of BPI-ANCA
In our first study on BPI-ANCA in CF, we found that the earlier described 
correlation between BPI-ANCA and lung damage was valid only in P. aeruginosa 
colonized patients. In the large cohort, BPI-ANCA was associated with worse lung 
function also in the non-colonized patients, perhaps reflecting a not yet detectable 
colonization. According to our findings,  this colonization would, however,  be likely 
to cause serious lung damage to the patient. We also found that the patients who 
were BPI-ANCA negative and colonized had as a group normal lung function. These 
findings lead us to hypothesize that the BPI-ANCA response in CF patients could be 
correlated to disease progression.

The clinical utility of BPI-ANCA is dependent on the test result being a stable 
phenomenon, so that the information from one sample is representative for an 
adequate time period. When samples were drawn and analysed at six-month 
intervals we found that this was the case. We also confirmed that high levels of BPI-
ANCA were almost invariably connected with extensive lung damage and P. 
aeruginosa colonization.

Great efforts are being made to find factors that predict prognosis in CF, mostly 
through the search for modifier genes.  To predict prognosis in chronic progressive 
diseases is important in order to motivate demanding therapy. In CF, prognostic 
factors could serve as motivators, as intense physiotherapy and intravenous 
antibiotic courses are time-consuming and demanding for the patient and the family. 
Prognostic factors could also help to identify patients for pre-transplantation 
investigation, avoiding emergency surgery.

Prospective investigation of 46 patients for up to nine years indicated that BPI-
ANCA was indeed a prognostic marker, which added information besides lung 
function data. 

It is now five years since we began to collect serum samples for BPI-ANCA in the 
large cohort. Follow-up of these more than 300 patients would determine the 
prognostic value of BPI-ANCA.

The P. aeruginosa colonization and BPI-ANCA
When studying our cohorts of CF patients at all ages, we found that BPI-ANCA 
seems to be a consequence of P. aeruginosa colonization, so that some but not all 
patients who become colonized develop BPI-ANCA. 

Rises and decreases in the ANCA level were rare. Decrease in BPI-ANCA was seen 
almost exclusively in patients who underwent lung transplantation. These patients 
had most of their bacterial load removed when their native lungs were removed and 
replaced by sterile lungs.  The decreases in BPI-ANCA seen in all transplanted 
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patients support the hypothesis that P. aeruginosa colonization is a requirement 
for the BPI-ANCA response. 

Increases in BPI-ANCA were not clearly connected with any event, although clinical 
deterioration was common in these patients during the time periods in question.  The 
use of BPI-ANCA as a maker of current disease activity seems however to be 
limited.

The relation between P. aeruginosa phenotype and the 
formation of BPI-ANCA
P aeruginosa possesses a number of pro-inflammatory virulence factors, such as 
pili, flagella, LPS and pyocyanin that are necessary for invading the host tissues in 
order to establish colonization. In their interaction with host cells and molecules 
these virulence factors induce an inflammatory response that enables the host to 
defend itself against the invader by orchestrating an immune response. In the unique 
milieu of the CF airways, the bacteria adapt to their environment during years or 
decades of colonization, often under the pressure of antibiotic treatment.  The 
virulence factors are then down-regulated and the bacteria become invisible to host 
defence and thus impossible to fight. Biofilm formation,  QS and alginate production 
are other virulence factors of P. aeruginosa that by contrast with the pro-
inflammatory virulence factors, make the microorganisms inaccessible to host 
defence as well as to antibiotics. 

P. aeruginosa is known to change phenotypes during the years of colonization of the 
CF airways. The early phenotypes include the expression of pili, flagella and 
pyocyanin. These virulence factors are later down-regulated and in the late 
phenotypes the bacteria produce alginates and go into a biofilm, QS mode of growth. 
This change in phenotypes is obviously beneficial for long-term bacterial survival 
and proliferation. Although not inducing a full-scale immune response, the slow but 
progressive proliferation of these late phenotype strains causes tissue damage of the 
CF airways by steadily increasing the bacterial load and maintaining a net influx of 
PMNs.

Gram-negative bacteria can shed parts of their outer membrane,  outer membrane 
vesicles (“blebs”) constituitively.198 Since these blebs comprise LPS and other 
envelope antigenic components they may be important for delivery of antigenic 
material to antigen-presenting cells. BPI has the ability to determine the delivery of 
whole bacteria to PMNs and purified LPS complexes to mononuclear cells.117 
Recent data on the interaction of BPI, blebs and professional antigen-presenting 
cells, monocyte-derived macrophages and dendritic cells (H. Schultz, Iowa City 
Iowa, USA, personal communication), suggest that generation of BPI-ANCA might 
be the result of BPI being presented erroneously to the adaptive immune system in 
conjunction with bacterial antigens. The requirement of presenting a combination of 
a TLR-4 mediated signal and a foreign antigen in the phagosome of dendritic cells in 
order to achieve further processing of the foreign antigen to the MHC class II 
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complex199 could be a mechanism by which BPI bound to the endotoxin of outer 
membrane vesicles becomes presented to the adaptive immune system as a non-self 
antigen, the BPI-ANCA epitope (figure 16). Once formed, BPI-ANCA can 
contribute to disease development by blocking the antibacterial effects of BPI. 

In paper IV, we found that the BPI-ANCA associated isolates of P. aeruginosa were 
non-pyocyanin producing, this being shown by a white phenotype. Accordingly, we 
also found that these isolates were less powerful inducers of inflammation.  Our 
interpretation of these findings is that BPI-ANCA is a phenomenon connected 
to late P. aeruginosa phenotypes in CF lung disease.

Future investigations in this area will include further characterization of P. 
aeruginosa isolates from CF patients with and without BPI-ANCA. First of all, 
every isolated strain from each of the selected patient needs to be investigated. To 
study the isolates with a gene array approach would give valuable information about 
the differences between BPI-ANCA and not BPI-ANCA associated isolates, and 
perhaps a clue to the association between BPI-ANCA and poor prognosis. If we 
assume that the inflammatory differences between the strains depend on pyocyanin, 
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Figure  16. Bactericidal/permeability increasing protein (BPI) binds to 
lipopolysaccharides on outer membrane vesicles (blebs) shed by Gram-negative 
bacteria. The BPI-coated blebs are engulfed by dendritic cells, processed as a 
foreign antigen. The presentation of BPI to T-cells will evoke an autoimmune 
response. Modified from H. Schultz, Iowa, USA, with permission.200
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it would be interesting to quantify the pyocyanin production from each isolate in 
order to see if the inflammatory response is dose-dependent. 

Macrophages are important in the resolution of inflammation. So far we have only 
investigated the interaction between bacteria and PMNs. It is however plausible that 
tissue damage in CF lung disease caused by accumulating PMNs is aggravated by 
dysfunctional macrophages. The role of P. aeruginosa in activation or inhibition of 
macrophages is poorly understood and needs to be investigated.

The MBL pathway of complement and CF
MBL deficiency has been reported to be associated with poor prognosis in CF. No 
such correlation was found in the present investigation. The conflicting data on 
MBL deficiency and poor outcome in CF can be due to the improvement in 
treatment that has occurred during the time that has elapsed between the earlier 
studies and ours. This may also explain why other described associations between 
decreased expression of certain factors involved in immune responsiveness and poor 
outcome in CF not were reproducible.  It is possible that CF patients undergoing 
modern treatment are less vulnerable and that minor immunodeficiencies have larger 
impact in predisposed populations. 201 

In paper III we found that in the CF patients the serum levels of both MBL and 
MASP-2 were higher than expected.  We also saw that the MBL levels decreased 
substantially following lung transplantation in four cases, suggesting that the 
elevated levels are secondary to the inflammatory state of the CF lung disease.  For 
MBL, this finding was in accordance with MBL being reported to be elevated in 
inflammatory conditions, such as traumatic injuries and glomerulonephritis.182-184 
Elevated levels of MASP-2 in inflammatory conditions have not been reported 
before, and the relevance of this needs further investigation. 

In conflict with the finding of elevated serum levels of MBL and MASP-2, we found 
decreased function of the MBL pathway in the CF sera compared to controls. In the 
patients whose MBL serum levels decreased after lung transplantation there was no 
corresponding decrease in the MBL pathway function. There is no obvious 
explanation to these findings, and they raise a number of questions about the 
regulation of the production of MBL and the MASPs. Is there an upregulation of 
MBL in the hepatocytes during inflammatory conditions? The additional MBL seen 
in the CF patients could also be the result of local production at the site of 
inflammation. Elucidation of this matter would give valuable information on the 
function of MBL, as the high prevalence of MBL deficiency in the population 
suggests additional functions of MBL to complement activation.

The functional assay of the MBL pathway measures the formation of membrane 
attack complex following complement activation by MBL binding to mannan-coated 
onto the wells of an ELISA plate.  Falsely low values of the MBL pathway function 
can be obtained when the function of the classical pathway is low. We have, 
however, no reason to believe that the CF patients would have innate or acquired 
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deficiencies of the components of the classical pathway. It is thus plausible that 
MBL is produced in excess due to CF lung disease and that this additional 
MBL circulates in a dysfunctional form. 

At this time point we can only speculate about the nature of this dysfunctional MBL. 
It could be partly degraded due to complement activation. Another speculative idea 
is that the balance in the production of the MASPs is disturbed, and that the 
dysfunctional MBL molecules circulate in complex with MASP-1, MASP-3 or 
Map-19 instead of MASP-2. Future investigations will include measurement of 
MBL and MBL pathway function in other diseases, such as SLE, vasculitis and 
chronic obstructive pulmonary disease, to see if dysfunctional MBL occurs in these 
diseases as well. To search for extrahepatic production of MBL would be interesting 
in order to learn more about local inflammatory response and perhaps other 
functions of MBL.
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Immunologiska aspekter på lungskadan vid 
cystisk fibros 

(Popularised summary in Swedish)
Cystisk fibros (CF) är en ärftlig sjukdom som oftast debuterar i de tidiga barnaåren. 
Symtom uppkommer framför allt i lungor och luftvägar,  i form av segt slem och 
kronisk kolonisation med bakterier. Även mag-tarmkanalen drabbas, vilket gör att 
CF-patienter ofta har svårt att tillgodogöra sig näringsämnen. Prognosen vid CF har 
förbättrats radikalt under de senaste decennierna tack vare förbättrad behandling i 
form av antibiotika, sjukgymnastik och nutrition. Lungtransplantationer har också 
förbättrat överlevnaden. CF-patienter födda på 1990-talet förväntas överleva sin 40-
årsdag. 

CF uppkommer på grund av avsaknad av en jonkanal som kallas cystic fibrosis 
transmembrane regulator (CFTR). Denna jonkanal ska normalt finnas på 
slemhinneceller och ska möjliggöra transport av vatten och elektrolyter från 
blodbanan ut till luftvägarna och mag-tarmkanalen. Om CFTR saknas rubbas 
balansen på slemhinneytan och det blir svårare för immunförsvaret att bekämpa 
bakterier i luftvägarna. 

Pseudomonas aeruginosa är den bakterie som orsakar lungskada hos flest patienter 
med CF. Kolonisationen med P. aeruginosa vid CF är mycket svår att utrota med 
antibiotika och den kan pågå under decennier.  Bakterierna har alltså lång tid på sig 
att anpassa sig till miljön och därigenom öka sina chanser att överleva. Kronisk 
kolonisation med P. aeruginosa innebär som regel sämre prognos vid CF. Det finns 
dock patienter som bär på bakterien under mycket lång tid utan att utveckla 
lungskada.

I kontakten med luftvägarnas slemhinneceller kan P aeruginosa på olika sätt 
inducera en signal som aktiverar individens immunförsvar. Bland annat frisätter 
bakterierna ett ämne som heter pyocyanin. Det är ett blågrönt färgämne som har 
förmåga att få slemhinnecellerna att frisätta signalsubstanser. Detta leder till en 
mängd förändringar i vävnaden, vilka syftar till att bekämpa bakterierna. Bland 
annat uppkommer ansamling av vita blodkroppar och ökad genomblödning, det vill 
säga inflammation. 

Polymorfkärniga granulocyter (PMN) är en typ av vita blodkroppar som är viktiga i 
sammanhanget, då de är först på plats för att frisätta substanser som på olika sätt 
skadar och dödar bakterierna.  En sådan substans är bactericidal/permeability 
increasing protein (BPI), som verkar genom att dels avdöda bakterier genom att göra 
hål i bakteriemembranet och dels binda upp och neutralisera bakteriernas toxiner.

Komplementsystemet är en del av immunförsvaret.  Det består av ett antal molekyler 
som samverkar i en kaskadreaktion vilken leder till avdödning av bakterier. 
Mannanbindande lectin (MBL) är startmolekyl för en av komplementsystemets 
aktiveringsvägar. Ärftlig brist på MBL är vanligt och förekommer hos ungefär 10 % 
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av alla svenskar.  Det verkar dock inte som att MBL-brist utgör någon ökad risk för 
infektioner hos i övrigt friska individer. Möjligen kan det vara en nackdel om man 
har någon kronisk sjukdom eller nedsatt immunförsvar av någon annan anledning. 
Några studier har visat att CF-patienter med MBL-brist har allvarligare sjukdom än 
andra.

Autoimmuna sjukdomar uppkommer när det bildas antikroppar riktade mot ett 
kroppseget ämne. CF är ingen autoimmun sjukdom, men trots det har majoriteten av 
CF-patienterna antikroppar mot det kroppsegna ämnet BPI. Dessa antikroppar kallas 
BPI-ANCA (ANCA = anti neutrofil cytoplasmatisk antikropp). Dessa antikroppar 
tycks framför allt förekomma hos patienter som är koloniserade med P. aeruginosa 
och hos patienter med nedsatt lungfunktion.

I den här avhandlingen har jag studerat sambandet mellan BPI-ANCA, bakteriell 
kolonisation och lungskada hos CF-patienter. Jag har också studerat om BPI-ANCA 
och MBL hos CF patienter har någon betydelse för prognosen. Slutligen ville jag 
titta närmare på de bakterier som koloniserar luftvägarna hos CF patienter och se om 
bakterier framodlade från luftvägarna på patienter med dålig prognos orsakade ett 
annorlunda immunsvar än bakterier från patienter med god prognos.

I delarbete I studerade vi 46 vuxna CF patienter. På alla patienter mättes BPI-
ANCA i serum och lungfunktion och förekomst av kronisk kolonisation med P. 
aeruginosa noterades. Vi fann då en stark koppling mellan BPI-ANCA och nedsatt 
lungfunktion. Vi fann också att mycket få patienter som inte var koloniserade med P. 
aeruginosa hade BPI-ANCA i serum. Detta var känt sedan tidigare. En grupp av 
patienter var koloniserade med P. aeruginosa, men hade ingen BPI-ANCA. Denna 
grupp hade normal lungfunktion, vilket var mycket förvånande, eftersom P. 
aeruginosa kolonisation är mycket starkt kopplat till lungskada vid CF. Det fanns 
alltså anledning att tro att BPI-ANCA var kopplat till lungskada bara hos P. 
aeruginosa koloniserade patienter. Dessa fynd behövde bekräftas i en större 
patientgrupp.

Delarbete II omfattade 366 CF patienter i åldrarna sex månader till 55 år från 
Sverige och Danmark. Vi mätte BPI-ANCA i serum och noterade lungfunktion, 
bakteriell kolonisation och om patienten hade genomgått lungtransplantation. De 
svenska patienterna följde vi sedan med nya prover och noteringar var sjätte månad i 
upp till tre år. Dessutom gjorde vi en uppföljning av de 46 patienterna som ingick i 
delarbete I. Vi fann att:

• BPI-ANCA är stabilt i serum från halvår till halvår hos de allra flesta patienterna.

• BPI-ANCA uppkommer som en följd av P. aeruginosa-kolonisation hos en del 
men inte hos alla CF-patienter.

• efter lungtransplantation (när det mesta av bakteriekolonisationen tas bort) sjunker 
BPI-ANCA radikalt. I övrigt är det mycket ovanligt att halten BPI-ANCA i serum 
sjunker.
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• patienter med BPI-ANCA i serum har större risk än andra för allvarligt 
sjukdomsförlopp på några års sikt. 

Sammantaget tycktes BPI-ANCA vara en markör för kolonisation med P. 
aeruginosa, bara om denna kolonisation innebär risk för allvarlig lungskada.

I delarbete III studerade vi komplementsystemets MBL-aktiveringsväg hos 112 CF 
patienter. 18 % av patienterna hade MBL-brist. Dessa patienter hade dock inte sämre 
lungfunktion än de med normala halter av MBL. Ett överraskande fynd var att CF 
patienterna hade högre halter av MBL i serum än friska kontrollpersoner. Hos fyra 
patienter som genomgick lungtransplantation medan studien pågick, sjönk MBL-
halterna efter transplantationen utan att funktionen försämrades. Det verkade alltså 
som om CF-patienterna till följd av sin lungsjukdom hade ökad produktion av MBL.

I delarbete II hade vi lärt oss att P. aeruginsa-kolonisation hos individer utan BPI-
ANCA inte innebar ökad risk för lungskada. I delarbete IV frågade vi oss om det 
var någon skillnad på bakterier från patienter med BPI-ANCA och patienter utan 
BPI-ANCA i fråga om deras förmåga att inducera inflammation och vävnadsdöd. Vi 
fann då att bakterier framodlade från de BPI-ANCA-positiva patienterna inducerade 
ett mindre kraftfullt inflammatoriskt svar när bakterierna fick stimulera odlade 
slemhinneceller än bakterier från BPI-ANCA negativa patienter. Resultaten visar att 
de BPI-ANCA-associerade bakterierna troligen har anpassat sig till miljön i CF-
patienternas luftvägar genom att göra sig osynliga för immunförsvaret. Så länge 
bakterierna inducerar ett normalt inflammatoriskt svar har individens immunförsvar 
möjlighet att ingripa och bekämpa bakterierna, vilket tycks dämpa utvecklingen av 
individens lungskada.

Sammanfattningsvis har de studier som ligger till grund för den här avhandlingen 
visat att BPI-ANCA vid CF är associerat med kolonisation med stammar av P. 
aeruginosa som med stor sannolikhet kommer att leda till allvarlig lungskada. 
Möjligen beror detta på att dessa stammar har anpassat sig till att leva och föröka sig 
i luftvägarna genom att inducera ett stillsamt inflammatoriskt svar. Resultaten kan få 
stor betydelse i omhändertagandet av CF-patienter, då BPI-ANCA kan bli ett 
prognostiskt verktyg. Vi har inte funnit något samband mellan MBL-brist och dålig 
prognos vid CF.
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