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ABSTRACT
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Cystic fibrosis (CF) is the most common monogenetic disease among Caucasians. A defective
cAMP regulated chloride channel (cystic fibrosis transmembrane conductance regulator,
CFTR) in epithelial cells leads to viscous mucus, bacterial infections, inflammation and tissue
damage in the lungs that causes death in 95% of the cystic fibrosis patients. There is no cure
for the disease although existing treatment has dramatically prolonged the life expectancy.
The aim of this thesis was to study pharmacological agents for their ability to restore the
cellular deficiency in CF airway epithelial cells. X-ray microanalysis, MQAE fluorescence
and immunocytochemistry were used to evaluate the effects.

S-nitrosogluthatione is an endogenous substance, present at decreased levels in the
lungs of CF patients and was recently found to induce mature CFTR in airway epithelial CF
cell lines. We show that S-nitrosoglutathione in physiological concentrations increases the
presence of ∆F508 CFTR in the cell membrane and induces cAMP dependent chloride
transport in cystic fibrosis airway epithelial cells. The properties of S-nitrosoglutathione
include other potential benefits for the CF patient and make this agent an interesting candidate
for pharmacological treatment of CF that needs to be further evaluated.

Genistein was found to increase the chloride efflux in both normal and ∆F508 cells
without stimulation of cAMP elevating agents and without prior treatment with
phenylbutyrate. Genistein, in concentrations close to those that can be detected in plasma after
a high soy diet, could induce chloride efflux in cells with the ∆F508 CFTR mutation and its
possible use in the treatment of CF should therefore be further investigated.

Studies on nasal epithelial cells from CF patients showed cAMP dependent chloride
efflux in some of the patients with severe genotypes. This may complicate in vitro evaluation
of clinical treatment of these patients. The presence of cAMP dependent chloride transport did
not necessarily lead to a milder phenotype. Other factors than CFTR may influence the
clinical development of the disease.
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To my grandparents

Man can learn nothing except by
going from the known to the
unknown.

    -Claude Bernard
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1 INTRODUCTION

1.1 Cystic fibrosis

Cystic fibrosis (CF) is a lethal recessive monogenetic disease that is

characterized by impaired water and ion transport over epithelia (99). With a

carrier frequency of 1/25 among Caucasians, 1/2500 newborns suffer from the

disease but there are variations between ethnic groups (25). The gene is located

on the long arm of chromosome 7 (103,105). Today there are more than 1000

known mutations that cause CF (www.genet.sickkids.on.ca/cftr). The most

common mutation, ∆F508, is present in 70% of CF chromosomes (103) and 90%

of the CF patients have this mutation in at least one allele. The CF gene product,

cystic fibrosis transmembrane conductance regulator (CFTR), is a cAMP

regulated chloride channel that is present in the apical plasma membrane in

epithelial cells in diverse organs such as the sweat glands, airways, pancreas,

intestines, kidneys, liver, heart, reproductive epithelium and salivary glands. The

disease is characterized by a progressive lung disease, pancreas insufficiency and

increased salt content in sweat. In addition CF often leads to male infertility. In

the sweat glands impaired salt absorption leads to elevated NaCl content in sweat

(98), which is a diagnostic feature of CF. 85% of patients show pancreatic

insufficiency (25) due to dehydrated fluid secretion in the exocrine pancreas with

blockage of ductal secretions and atrophy of acinar cells (73,137). The lung

pathology is characterized by thick mucus in the airways, progressive loss of

lung function with ultimate pulmonary failure due to chronic bacterial infection,

predominately with Pseudomonas aeruginosa and Staphylococcus aureus (44),

and an inflammatory response. The lung degradation is fatal and causes death in

95% of the CF patients (14).

The gene that causes CF was found in 1989 (103,105). It became clear that the

gene product CFTR functions as a chloride ion channel and that this channel also

regulates other ion channels, but still the connection between the defect in ion

transport in the airway epithelia and the symptoms is not clear. One hypothesis is
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that the defective chloride secretion leads to an abnormally high NaCl content in

the airway surface liquid (142), which may inactivate antibacterial peptides -

defensins in the lung (45). Another theory suggests that the CF epithelial cells

express more binding sites for P. aeruginosa than normal cells, due to an altered

glycosylation of epithelial components (113), or that CFTR itself is a cellular

receptor for binding, endocytosing and clearing of P. aeruginosa (95). It is also

unclear how inflammation is a result of the defective CFTR.

Despite the increased knowledge about the molecular mechanism causing CF

there is still no cure against the disease. However, improved treatment of the

symptoms, which mainly involves antibiotic treatment against the bacterial

infections, physical chest therapy to remove the thick mucus from the lungs and

pancreatic enzyme replacement and nutritional supplementation, has improved

the survival of the CF patients. The median life expectancy of a child born in

1990 is estimated to about 40 years, which is double that of 20 years ago (32). 

1.2 Cystic fibrosis transmembrane conductance regulator

CFTR is a ~180kDa glycosylated protein (114) present in epithelial cells where it

forms a cAMP regulated chloride channel (3,8). The protein consists of two

putative membrane spanning domains each consisting of six α-helices, two

nucleotide binding domains (NBDs) and one regulatory domain (103) (Fig. 1).

CFTR belongs to the ABC (ATP-binding cassette) superfamily of transporters.

The majority of ABC proteins are active transporters using the energy of ATP

hydrolysis to pump solutes across the membrane. In the case of CFTR ATP

hydrolysis is needed for the opening (NBD1) and closing (NBD2) of the chloride

channel (18). The regulatory domain has many sites that are phosphorylated by

primarily cAMP-dependent PKA but also PKC (103). Phosphorylation is needed

for opening of the channel. The regulatory domain and the NBDs seem to be

connected so that phosphorylation of the regulatory domain alters the ATP-

sensitivity at NBD1 (78). Mutations that affect the ATP sensitivity (i.e., ∆F508)
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can on the other hand change the stability of the phosphorylation state (52,116)

suggesting bi-directional interaction between the R-domain and the NBDs.

NBD1 has been shown to interact with the plasma membrane and may be part of

the channel pore (6,66). Depletion of the R-domain leaves a constitutively active

chloride channel, which suggests that it has an inhibitory function in its

unphosphorylated state (78).

Figure 1. The cystic fibrosis transmembrane regulator (CFTR). CFTR has two blocks

of 6 transmembrane domains and two nucleotide binding domains, a feature it shares

with other proteins in the ATP-binding cassette gene family. In addition it has a

regulatory domain with phosphorylation sites for PKA and PKC. NBD1 is probably

interacting with the membrane and may participate in the formation of the channel pore.

CFTR is a chloride ion channel with a conductance of ~ 9 pS that has a linear

I-V relation (13,23), but it also functions as a regulator of sodium ion channels

(81,126), potassium ion channels (82,84), as well as other chloride ion channels

(31,38,117,135). It may also conduct other molecules such as bicarbonate ions

(85,123) and ATP (28,117) as well as regulate water transport through

aquaporins (115). Involvement of CFTR in water transport may contribute to the

dehydration in the CF airways. CFTR has also been suggested to be critical for

the cAMP-dependent regulation of membrane recycling (15). The possible

NBD2

NBD1

NH2

COOH

R
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conductance of ATP is interesting since purinergic receptors in the plasma

membrane may activate calcium activated chloride channels through the PLC

and IP3 pathway (28,117).

CFTR is synthesized on ER-associated ribosomes and incorporated into the

ER membrane (121). Calnexin, an ER chaperone, binds to core oligosaccharide

chains attached to the CFTR. Also cytosolic chaperones, Hsp70, Hdj-2, Hsc70

and Hsp90 bind to the CFTR to assist in folding and prevent aggregation of

folding intermediates (77,90,96,140,141). An ATP dependent conformational

maturation is required for calnexin and the cytosolic chaperones to dissociate.

Not fully folded CFTR is degraded via the ubiquitinin/proteasome pathway.

Interestingly, as much as 75% of the wildtype CFTR, and all or almost all of the 

∆F508-CFTR is degraded in experiments performed on cell lines (20,58,134).

The correctly folded CFTR travels to the Golgi apparatus where it becomes

further glycosylated. The CFTR is then transported from the trans-Golgi network

to the plasma membrane. The CFTR that reaches the plasma membrane is

recycled or degraded by lysosomal proteases by endocytosis.

CF cells have an impaired ability to transport chloride ions in response to

cAMP. There are five mechanisms by which mutations disrupt CFTR function

(129):

1) Defective protein production

2) Defective protein processing

3) Defective regulation

4) Defective conductance

5) Decreased abundance

In the first two classes of mutations no or little CFTR is present at the plasma

membrane and these mutations are often coupled to a severe form of the disease.

The most common mutation, ∆F508, belonging to class two of the CF mutations,

leads to omission of phenylalanine residue 508, which is part of nucleotide-
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binding domain 1. Although the deletion of the phenylalanine residue occurs in

the NBD1, the primary fault is a folding defect (97) that traps the CFTR in the

ER where it is destroyed by the ubiquitinin/proteasome pathway (134). At the

plasma membrane the ∆F508-CFTR functions as a chloride channel although

with changed channel activity. It has reduced ATP sensitivity, reduced open

probability and is more likely to inactivate than the wildtype CFTR (116). The   

∆F508 is a temperature sensitive mutation (27). Culturing of ∆F508 cells at 26ºC

induces cAMP-stimulated Cl--secretion. This observation indicates that the

folding defect is relatively subtle and that it may be corrected also by other

methods. Brown et al. showed that stabilizing agents such as glycerol are able to

induce cAMP dependent chloride transport in ∆F508 cells (17). Therefore,

chemical chaperones may be a possible treatment for CF patients with the ∆F508

mutation or other mutations that lead to a folding defect of the CFTR. 

Many of the class three mutations occur in the NBDs and have a reduced

response to activation sometimes through interfering with ATP binding. CFTR is

also regulated by phosphorylation of the regulatory domain, but this part of the

protein does not show many CF missense mutations. Since there are many

phosphorylation sites, a mutation of one of these may not alter CFTR function to

an extent sufficient to cause CF.

The class four mutations often occur in the membrane-spanning domains that

are thought to be part of the channel pore. These CFTRs have normal processing

and regulation but the chloride conductance is reduced. Also the amount of time

that the channel is open may be reduced.

The class five mutations have a normal CFTR but in reduced abundance due

to incorrect splicing. Mutations from class four and five often retain residual

function and are connected with a milder form of the disease. 

However, only classifying mutations after chloride transport characteristics

might not be sufficient to understand the clinical course of the disease in different

organs. For example, deficient chloride transport might not be the main cause of

pancreas insufficiency. Choi et al. (21) recently showed that CF mutations with
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normal or almost normal chloride transport, but with deficient bicarbonate

transport were correlated with pancreas insufficiency, whereas in mutations with

defective chloride transport but functional HCO3
- transport pancreatic function

was sufficient.

1.3 The airway epithelium

The airway epithelium is a ciliated pseudostratified columnar epithelium

containing three main cell types, the ciliated cells, the goblet cells (both these cell

types are tall columnar cells) and the basal cells. However, more distally in the

respiratory tract the epithelium changes towards a simple cuboidal epithelium

(34). The ciliated cells are 20-60 µm high, 4-7 µm wide at the apical surface, and

1-4 µm wide at the basal membrane. The apical surface is covered with

approximately 250 cilia that extend ~ 6 µm above the surface. Microvilli extend

1-2 µm from the apical surface. 

Goblet cells contain mucous granules that give the cells their characteristic

goblet shape with a broad apical part and narrow basal segment. In an unaffected

airway there are about five times as many ciliated cells as goblet cells although

irritants such as smoking increase the number of goblet cells. The basal cells do

not reach the surface. Basal cells may differentiate into ciliated cells and goblet

cells through intermediate cells. Clara cells are non-ciliated secretory cells

common in the smaller bronchioles and there are other less common cells in the

airways of which the characteristics and importance are not known. For example,

there are cells expressing large amounts of CFTR (34). A subset of cells

expressing high amounts of CFTR has also been seen in the intestine (2).

Epithelial cells are connected by tight junctions but the structure and function of

these junctions changes between different type of cells and between different

parts of the airway. The transepithelial resistance decreases in the distal airways

(137). 
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Two layers of fluid cover the epithelium: the airway surface liquid (ASL)

that covers the cells and in which the cilia bathe and a superficial mucus layer on

the tip of the cilia. The cilia transfer the mucus with trapped bacteria and foreign

particles upwards out of the lungs (73,137). The decreased mucociliary clearance

in CF is not caused by an impaired function of the cilia but the thick mucus and

possibly a reduced ASL layer, due to increased water absorption, could impair

the ciliary beating. The mucus is predominantly produced by the submucosal

glands but also goblet cells and epithelial cells contribute (73,137).

For the understanding of the basic molecular pathology it is of importance to

understand the distribution and regulation of CFTR expression in the airways. In

the proximal airways low levels of CFTR mRNA and protein are present in

surface epithelial cells (114,128) and high levels in the submucosal glands (33).

The high expression of CFTR in submucosal glands implicates a possible

importance of the submucosal glands for the CF pathology. However,

submucosal glands are only present in the proximal airway and are not thought to

play a direct role in the obstructive lung disease in the distal airways of CF

patients (34). Immunostaining of nasal epithelial cells from nasal scrapings has

shown presence of CFTR in the apical membrane of 60% of the tall columnar

cells (94). The distal airways also express CFTR, about 1-10% of the cells in the

bronchioles and alveoli express high levels but no detectable amount was found

in the ciliated cells (34). It is possible that regulation of chloride transport is

mainly performed by a subpopulation of the epithelial cells. However, even

though CFTR can be hard to detect due to low levels of expression and

methodological difficulties in certain cells it can be present and perform a

physiological function.
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1.4 Airway ion transport

Epithelial tissues are specialized in vectorial transport of water and solutes.

Polarized cells with segregated channels, cotransporters and pumps in the apical

and basolateral membranes are essential for this function. Absorption and

secretion are characterized by the movement of fluids and electrolytes towards

the serosa (blood) or towards the lumen, respectively. The balance between

absorption and secretion is crucial for maintaining the volume and composition

of luminal fluid in organs such as the airways and intestine (99). In many

epithelia, e.g., intestinal epithelium, different cells perform different ion transport

functions. In the airway epithelia ciliated cells probably perform both secretion

and absorption (137). However, it is not known which cells in the airways are

most important for fluid and ion transport (99). Na+ and Cl- are the two most

important ions for absorption and secretion. Figure 2 shows the basic ion

transport mechanisms in the airway epithelia. Ion transport is dependent on the

maintenance of an electrochemical gradient over the cell membrane. A Na,K-

ATPase in the basolateral membrane creates a Na+ gradient by exchanging 3Na+

for 2K+.  With help of this gradient a Na+/Cl- or a Na+/K+/2Cl- cotransporter may

accumulate Cl- within the cell against its electrochemical gradient. Cl- can then

leave the cell through chloride channels in the apical membrane. Secretion of

chloride is electrically coupled to efflux of K+ through basolateral channels

(74,88,99,137). Activation of these channels hyperpolarizes the cell, thereby

maintaining the driving force for Cl- exit across the apical membrane and

preventing changes in cell volume (74,88). 

cAMP stimulated Cl- secretion is accompanied by the opening of a Ca2+

dependent K+-channel (137) but also Ca2+-insensitive K+-channels may be

present (86,87). Studies suggest that cAMP can induce release of intracellular

Ca2+ (86). Na+ follows Cl- into the lumen by a paracellular route through the tight

junctions creating a higher luminal osmotic pressure. Water moves out into the

lumen toward osmotic equilibrium (99).
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Inhibition of the basolateral K+-channels inhibits Cl--secretion showing the

importance of the K+ conductance for chloride secretion (88). Secretion is

induced by for example β-adrenergic agonists. During absorption Na+ enters the

cells through an apical amiloride sensitive epithelial sodium channel (ENaC) and

exits the cell though the Na, K-ATPase in the basolateral membrane  (73,99). Na+

entry is electrically coupled to Cl--entry. Cl- absorption goes through CFTR,

other Cl--channels or through a paracellular pathway (67). 

Defective transport of chloride in the apical membrane is the underlying

defect in CF. In the sweat glands this leads to a decreased absorption of salt. In

the airways the decreased chloride transport is accompanied by increased sodium

permeability (73,99) and possibly increased absorption. Against an increased

absorption speaks the theory that the Cl- conductance in the CF airways is

insufficient for an increased absorption and that airway surface liquid just like

sweat has an increased salt concentration. Therefore there may rather be a

decreased than an increased absorption in the CF airways (122,142).

The electrical potential across CF epithelia is more negative than normal

(99). This fact will influence the transport of all ions transported across the

epithelia and cause an abnormal concentration of all ions distributed passively

into the airway surface fluids. The composition of the airway surface liquid may

Figure 2. Ion transport mechanisms in airway
epithelial cells. Basal side down, apical side up.

K+

Na+

CFTR
ENaC

 Na+ 2Cl-  K+
Na+  K+

Cl-Cl-Na+

H2O

Cl-
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be of crucial importance in CF for different reasons. The viscosity of the

macromolecules composing the mucus is influenced by the ionic composition of

their environment, as is the growth of bacteria. Furthermore, the efficiency of the

macrophage clearance of the airways may be adversely affected by the

composition of airway fluid. Although the composition of the ASL is an

important factor it is difficult to measure and the attempts that have been made

have produced wildly disparate results (50,60,65,142). 

1.5 Signaling

Both the apical and the basolateral cell membrane are normally relatively

impermeable to Cl- (99). However, several neurotransmitters (e.g., substance P,

VIP, adenosine) and hormones (e.g., epinephrine) are able to induce Cl- secretion

(137). In many epithelia, signals that regulate ion transport come from the

basolateral surface of the cells. In the airways it appears functional to be able to

regulate ion transport also from the apical surface in order to respond to the

demands on mucociliary clearance that inhaled particles may cause. Airway

epithelia express, for example, adenosine receptors, bradykinin receptors and

substance P receptors on the apical surface that all increase Cl- secretion when

activated (99,137). 

Although many mediators have been identified, little is known about how

changes in the airway environment cause the release of neurotransmitters. More

is known about how the cell responds to different molecules that induce chloride

secretion. Many agents stimulate secretion by acting on guanine nucleotide

binding protein (G-protein) coupled receptors to activate adenylate cyclase.

Adenylate cyclase generates cAMP from ATP. Increased intracellular levels of

cAMP lead to activation of protein kinase A, which induces phosphorylation and

activation of CFTR (73,88). However, chloride secretion can be induced without

increasing cAMP e.g., prostaglandin  F2α stimulates secretion without changing

cAMP (137). Increasing the cytosolic levels of Ca2+ induces chloride secretion



19

through Ca2+-activated Cl- channels in the airways. Their physiological

importance in normal human airways is not known but activation of Ca2+-

activated Cl--channels is a target for treatment of CF.

1.6 Treatment of cystic fibrosis

The treatment available for the CF patients is today limited to treatment of the

symptoms of the disease. However, with increasing understanding of CF and its

underlying cellular defects follows an increasing possibility to cure the disease.

The research for treatment includes two alternatives: pharmacological treatment

and gene therapy. 

1.6.1 Pharmacological treatment of CF

Even though the connection between the cellular defect and the clinical

symptoms is not clear the underlying mechanisms of the disease are well defined.

Possible strategies for the pharmacological treatment include activation of

alternative chloride channels and activation of the defective CFTR. Also

activation of basolateral K+-channels, to increase the driving force for chloride

efflux, and Na+-channel blockers, that counteract NaCl absorption are being

explored. Knowledge of the different mutations can be of importance in the

consideration of therapies directed to the individual since different mutations

lead to different defects in CFTR. Some promising agents have been identified,

some have also been explored in clinical trials.

1.6.1.1 Activation of Ca2+ -regulated Cl--channels

Activation of Ca2+-activated Cl--channels has been considered as a possible

treatment of CF. This would bypass the cAMP-dependent pathway and CFTR.

For this purpose the purinergic agonists ATP and UTP have been used. ATP and

UTP bind to purinergic receptors in the plasma membrane activating a
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membrane-bound phospholipase C (PLC). PLC cleaves phosphatidyl-inositol-

diphosphate (PIP2) to inositol triphosphate (IP3) and diacylglycerol (DAG). IP3

binds to IP3-receptors/Ca2+-channels in the ER-membrane, which leads to an

intracellular Ca2+release and activation of apical Cl--channels and basolateral K+-

channels. 

ATP and UTP can induce Cl-- secretion from human normal and CF nasal

epithelial cells both in vitro and in vivo. However, for clinical use UTP is

preferred since metabolites from ATP (adenosine and AMP) may have adverse

effects. CF airway epithelium has a decreased Cl- secretion, but it also has

increased activity of the ENaC channel that absorbs Na+. It may not be enough to

treat the defective secretion without treating the defective absorption. Amiloride

is an epithelial Na+ channel blocker that prevents the uptake of Na+ in the airway

epithelium and thus inhibits water absorption and dehydration of airway fluid.  

CF patients have decreased mucociliary clearance in their lungs (101). UTP

and amiloride were studied for their ability to increase mucociliary clearance in

CF patients (12). The combination of UTP and amiloride was shown to increase

the mucociliary clearance the first 40 minutes after administration after which the

effect declined. Stable analogues of UTP together with stable analogues of

amiloride may therefore be beneficial for treatment of CF patients.

1.6.1.2 Restoring CFTR function

Dependent on the mutation the restoration of the cAMP dependent Cl- transport

through CFTR may need different drugs acting on different sites. Also a

combination of drugs may be necessary for mutations that affect both the

localization and the function of the CFTR (i.e., ∆F508). Different mechanisms

for drugs that correct the trafficking defect have been considered. The drugs

could presumably act by (a) causing overexpression of CFTR, which may

overload the control machinery in the ER, (b) interacting with the chaperones

that bind CFTR, or (c) interacting with and stabilizing CFTR. 
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1.6.1.2.1 4-phenylbutyrate 

4-phenylbutyrate (PBA) is a short chain fatty acid that is already clinically

approved by the U.S Food and Drug Administration (FDA) for treatment of urea

disorders. PBA corrects the trafficking defect of the ∆F508-CFTR in cell lines

and primary cultures from CF patients (108) and induces CFTR function in CF

patients as determined from measurements of the nasal potential difference

(NPD) (110). PBA has been shown to interact with chaperones involved in the

CFTR folding machinery. It downregulates HSC70 at both protein and mRNA

levels and it is possible that reduced complex formation between ∆F508 CFTR

and HSC70 allows more ∆F508-CFTR to mature and reach the plasma

membrane (32,109,114). PBA treatment has also been shown to induce the stress

inducible 72k-Da heat shock protein HSP70. The increased interaction between

HSP70 and ∆F508 CFTR was shown to have a positive effect on ∆F508 CFTR

maturation (22).  High doses of PBA have been shown to inhibit chloride efflux

(75,76) and have cytotoxic effects on different cell types including airway

epithelial cells (89).

1.6.1.2.2.S-nitrosoglutathione

A more recently discovered agent that allows ∆F508-CFTR to mature is S-

nitrosoglutathione (GSNO) (143). This is an especially interesting agent since it

is an endogenous substance with reduced levels in the airways of CF patients

(46). The mechanism by which GSNO allows ∆F508-CFTR to mature is not

known, but Zaman et al. (143) suggest that alterations in CFTR ubiquitination

may result in CFTR maturation. In addition to the effect on CFTR it has many

other effects of potential interest for the CF patients; it increases ciliary motility

(72), inhibits airway epithelial amiloride sensitive sodium transport (57),

activates calcium-dependent airway epithelial chloride transport (61), promotes

neutrophil apoptosis (37) and relaxes smooth muscle (42).
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1.6.1.2.3 Xanthines

For mutations with CFTR present at the plasma membrane but with defective

channel activity, development of potent and specific CFTR-openers could be a

useful approach. This is also of interest for the ∆F508-mutation when the ∆F508-

CFTR is present at the plasma membrane (naturally or after treatment). Different

xanthines, for example IBMX and CPX, phosphodiesterase inhibitors that elevate

the level of cAMP in the cell by impeding its degradation, can activate both

wildtype and ∆F508-CFTR (1,116). Because the activation of ∆F508-CFTR

demands much higher concentrations of xanthines than those necessary for

activation of wildtype CFTR (1,116) and the effect has been reported to be

independent of the changes in cAMP concentrations (24,47), these substances are

believed to act by another mechanism for activation of ∆F508-CFTR than by

raising cAMP-levels. It has been suggested that IBMX and CPX directly interact

with CFTR (5,24,116). Cohen et al. (24) showed that xanthines bind differently

to NBD1 in wildtype and ∆F508-CFTR. The effect on the ∆F508-CFTR channel

is a prolongation of the burst duration and/or a prolongation of the open state of

CFTR by preventing dephosphorylation (116). CPX has also been claimed to

restore the trafficking defect of ∆F508 CFTR (125). 

1.6.1.2.4 Genistein

Flavonoids are other interesting compounds for activation of the defective CFTR

that occur naturally in legumes. A soy bean-rich diet has been shown to have a

protective effect against certain cancers (e.g., breast and prostate) (69,70,119)

and genistein has been shown to have a protective effect against chemically

induced mammary adenocarcinoma in rats (92). At the cellular level genistein

competes with estradiol for binding to estrogen receptors and it is thought to have

both estrogenic and estrogen antagonistic effects depending on the hormonal

milieu (4).

Genistein is a well known tyrosine kinase inhibitor but it is believed that it

asserts its effect on CFTR through direct interaction (52,136). Binding of
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genistein to NBD2, without interfering with ATP binding, results in stabilization

of the open channel conformation by inhibiting hydrolysis of ATP and thereby

inhibiting the dephosphorylation at the R-domain. This could explain the

increased phosphorylation state seen after treatment with genistein (52,100,140).

However, genistein also increases the channel activity independent of the

phosphorylation level (52). Although genistein is believed to stabilize the open

channel, it has in some systems been shown to act independent of previous

stimulation of cAMP elevating agents (29,54,83). At higher concentrations (>100

µM) genistein inhibits CFTR-channels, possibly by preventing the hydrolysis of

ATP at NBD1 that is needed for opening of the channel (133). 

Genistein has recently been shown to correct the interaction between CFTR

and the ENaC channel which would be an added positive effect (127). Potential

adverse effects of genistein have also been noted. It has been shown to block

volume regulated chloride channels (120) as well as basolateral K+-channels

(30,55). However, genistein has also been shown to induce K+ currents in other

cell types (112).

1.6.1.2.5 Other agents

Many other groups of substances have effects on the CFTR channel activity

and/or trafficking of CFTR. Mitomycin C (79) and doxorubin (80) have been

shown to increase CFTR and ∆F508-CFTR expression in different cell lines.

Phosphatase inhibitors, for example calyculin-A (140), bromotetramisole (10),

and levamisole (9), that may increase the phosphorylation state of CFTR and

increase its activity have been shown to activate CFTR.

Benzo[c]quinolizinium compounds is another group of agents that has been

shown to be potent activators of CFTR (11). The benzo[c]quinolizinium

compound MBP-07 can not only activate CFTR but has also been shown to

increase the expression of CFTR in the apical membrane of CF nasal epithelial

cells, and can be added to the increasing group of agents that has effect both on

CFTR activation and trafficking.
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Colchicine disrupts microtubules and is clinically used as an antitumor drug

and an antiinflammaory agent against Mediterranean fever. Colchicine recently

became interesting as a treatment for CF. Treatment of CF cancer patients with

colchicine resulted in a reduced need for antibiotic treatment, weight gain and

substantially improved forced expiratory volume (118). The mechanism by

which colchicine has an effect on CF patients is not known. The anti-

inflammatory properties of colchicine (64) may be beneficial for the neutrophil-

dominated airway inflammation in CF. Colchicine also upregulates the

expression of the multidrug-resistant gene encoding for the P-glycoprotein (130)

which belongs to the ABC protein family and shares homology with CFTR.

MDR overexpression has been shown to alter ion transport characteristics (48). It

is therefore possible that colchicine induces chloride secretion alternatives in the

CF epithelial cells.

1.6.2 Gene therapy

Gene therapy for CF seems suitable since the disease is caused by a defect in one

single gene and can be corrected by CFTR expression in a small percentage of

affected cells (53,59,102). Furthermore, the lung is a relatively accessible organ.

With gene therapy the correct gene is inserted into the affected CF epithelial cells

for expression of the correct gene product. Transfection with wildtype CFTR has

been demonstrated in CF epithelial cells in vitro and in vivo with resulting

correction of the chloride transport. In vitro studies have indicated that correcting

as little as 6% of the cells produces a monolayer with essentially normal

physiological function (59). However, gene therapy for CF is complicated by the

many different types of cells in the airways and the incomplete knowledge about

which cell types that are important for the development of the lung disease. In the

proximal airways CFTR is mostly expressed in the submucosal cells but it is also

present in the surface epithelial cells (33). The distal airway contains no

submucosal glands but a subpopulation of epithelial cells with a high expression
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of CFTR (34). Furthermore, the limited lifetime of the airway epithelial cells

makes is necessary to repeat the gene transfer. A solution to this problem would

be to transfect the airway stem cells but the identity of these cells is not yet

defined (25).

Other considerations for gene therapy are choice of the vector, safety of the

gene transfer and expression, regulation of the expression and immunogenicity.

Transfer methods under investigation are viral-mediated gene transfer, liposomes

and receptor mediated gene transfer with DNA-ligand complexes. Each of these

methods has its own advantages and disadvantages (132).
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2 AIMS

The aims of the thesis were:

- to study the effect of PBA, genistein and CPX on chloride efflux in human

epithelial normal and cystic fibrosis cell lines

- to study the effect of S-nitrosoglutathione on CFTR localization and chloride

efflux in a human  epithelial cystic fibrosis cell line

- to establish a method for studying ion transport in normal and cystic fibrosis

primary nasal epithelial cells by X-ray microanalysis 

- to  compare the  two  methods  for  measuring chloride efflux used in the thesis, 

X-ray microanalysis and the fluorescent dye MQAE

- to study the cAMP induced chloride efflux of primary nasal epithelial cells

from CF patients and to correlate the response with the phenotype of the patients 
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3 METHODS

3.1 X-ray microanalysis

3.1.1 Preparation of cells in culture 

Cells were cultured to confluence on titanium grids covered with a carbon coated

Formvar film (Merck, Darmstadt, Germany). After the desired treatment the cells

were rinsed with cold distilled water for some seconds before they were frozen in

liquid propane cooled by liquid nitrogen (-180o) and freeze-dried overnight in

vacuum at -120o. The freeze-dried cells were covered with a conductive carbon

layer before analysis in the electron microscope.

3.1.2 Preparation of nasal epithelial cells 

Nasal epithelial cells were taken with 0.6mm cytology brushes from the inferior

nasal turbinate of CF-patients and healthy volunteers that had given informed

consent. No local anesthesia was used. The cells were kept in 1.5 ml Ham's F-12

culture medium (Gibco, Paisley, Scotland) supplemented with 100 µg/ml

streptomycin and 100 U/ml penicillin, centrifuged down and put on titanium

grids covered with a carbon coated Formvar film (Merck) and coated with Cell-

Tak (Becton Dickinson, Bedford, MA, USA). After stimulation the cells were

rinsed quickly and frozen in liquid propane cooled by liquid nitrogen. As a

rinsing solution one of the following was used: cold distilled water, isotonic 0.3

M mannitol, 0.28 M glucose or 0.15 M ammonium acetate. The grids were

freeze-dried overnight in vacuum in -120°C and covered with a conductive

carbon layer before analysis in the electron microscope.
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3.1.3 Analyses

X-ray microanalysis of the intracellular elemental content was performed in a

Hitachi H7100 (Tokyo, Japan) electron microscope in the scanning-transmission

electron microscopy (STEM) mode at 100 kV with an Oxford Instruments

(Oxford, UK) ISIS energy-dispersive spectrometer system. Quantitative analysis

was performed by comparing the ratio of the characteristic peak and the

background under the peak (P/B) with the P/B ratios from standards consisting of

a gelatin/glycerol matrix with mineral salts in known concentrations (106).

Elemental concentrations are expressed as mmol/kg dry weight. Spectra were

acquired for 50 seconds and each cell was analyzed only once. 

3.2 Measurements of intracellular Cl- with MQAE fluorescence 

3.2.1 Preparation of cells in culture

Cells were grown to confluence on round glass coverslips. Before the experiment

the cells were loaded for 1-2 hours with 5-10 mM of the fluorescent dye MQAE.

3.2.2 Preparation of nasal epithelial cells

Nasal epithelial cells were taken and stored as described for X-ray microanalysis.

Before loading with 10 mM MQAE for 35-45 min in 37° the cells were

centrifuged at 1600g for 25 s, resuspended in 50 µl standard Ringer's solution

(SR) (140 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1.5 mM CaCl2, 5 mM Hepes and

5 mM glucose). After loading, the cells were rinsed in SR, centrifuged and

resuspended in 4 µl SR. The cells were attached to round cover slips coated with

Cell-Tak (Becton Dickinson).
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3.2.3 Analysis

Cells on coverslips were placed in a perfusion chamber situated on the stage of

an inverted microscope (Nikon). A monochromator (Applied Imaging,

Sunderland, UK) provided excitation light at 353 nm (10 nm bandwidth). The

emission was measured at 460 nm using a charged coupled device (CCD)

camera. The camera output was connected with a Quanticell 2000 image-

processing system (Applied Imaging). The cells were bathed in SR and cells or

cell clusters with beating cilia were chosen for analysis.

The MQAE fluorescence was calibrated against the intracellular chloride

concentrations ([Cl-]i) by exposing cells to a K+ buffer (120 mM K+, 1mM Mg2+,

27mM Na+, 5mM Hepes, pH=7.0) containing different Cl- concentrations with

NO3
- as the substitution anion. Tributyltin, acting as a Cl-/OH- antiporter, (10-

20µM) and the K+/H+ ionophores nigericin (10-20 µM), were added to the buffer

to equalize the intracellular and extracellular Cl- concentrations. At the end of the

experiment the background fluorescence was measured by quenching the MQAE

signal with 150 mM KSCN-buffer (10 mM Hepes, pH 7.2). The MQAE

fluorescence is linearly related to [Cl-]i (131) according to the equation:

F0 / FCl = 1 + [Cl-]i ∗ KSV [1]

F0 is the fluorescence in the absence of Cl- after subtraction of background

fluorescence, FCl is the fluorescence in the presence of intracellular Cl- after

subtraction of background fluorescence and KSV is the Stern-Volmer constant for

chloride quenching. F0 was calculated from F20, which is the fluorescence at 20

mM intracellular Cl- after subtraction of background fluorescence. From the

known KSV and F20, which was determined in the end of each experiment, [Cl-]i

was calculated from equation 1. For measurements of the chloride permeability

the rate of change is a more important variable than the absolute change in

fluorescence. 
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Cl- efflux was induced by changing from SR (150 mM Cl- to a medium

where the Cl- was exchanged for NO3
- 

The rate of the efflux (dCl / dt) = dF was calculated using the equation (19):

 (dCl / dt) = F0 / [ KSV ∗ (FCl)2] ∗ dFCl /dt [2]

F0 is the calculated fluorescence in the absence of Cl- using the determined

F20 from the end of the experiment and equation [1], FCl is the fluorescence

measured before changing to NO3
--buffer i.e., the fluorescence in 150 mM Cl-

and dFCl/dt is the slope of the tangent over the initial changes in FCl after

changing to NO3
--buffer. 

3.3 Immunocytochemistry staining of CFTR

Confluent cells grown on coverslips were fixed in cold 4% paraformaldehyde for

10 min. Nasal epithelial cells were centrifuged at 1600g for 1min and fixed in

cold 4% paraformaldehyde for 15 min, centrifuged and resuspended in Tris-

buffer saline (TBS), pH7.2. The nasal cells were then centrifuged onto glass

slides in the Cytospin3 (Shandon) at 1500 rpm for 4 min. 

After fixation the cells were washed for 2x5 min in TBS. The cells were

permeabilized with 0.2% saponin in TBS for 5min and washed again. The cells

were incubated for 1h in room temperature with the monoclonal antibody

MATG1061 diluted 1:500 in 1% bovine serum albumin and then washed for

3x10 minutes. Thereafter, the cells were incubated in a secondary horse radish

peroxidase conjugate for 30 min. Amino ethyl carbasol single solution

chromogen was used as a substrate and formed a red precipitate. The nucleus was

stained with hematoxylin for 1 min and the cover slip was mounted on a glass

slide.
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4 RESULTS AND DISCUSSION

4.1 Measurements of chloride efflux (IV)

Studying chloride transport in cells has been important in order to understand the

underlying mechanism of cystic fibrosis and the effect of different mutations. It

is also necessary in the research for treatment of the disease. Two methods for

studying chloride transport have been used in this thesis: X-ray microanalysis

and a fluorescent dye (MQAE) with image analysis. Both techniques show efflux

of chloride in airway epithelial cells, induced by cAMP elevating agents as well

as by a chloride gradient created by exchanging chloride in the extracellular

medium for nitrate. Combining both stimuli for chloride efflux appears to have

approximately an additive effect. 

Both techniques show a relative loss of intracellular chloride after

stimulation in the same order of magnitude. With X-ray microanalysis it is not

possible to study the chloride efflux rate at the time for stimulation but only the

decrease in chloride content in the cells after a certain time. The MQAE method,

on the other hand, can study the chloride efflux rate, but only after inducing a

chloride driving force with a non-physiological chloride free buffer.

Measuring intracellular chloride concentration is difficult as shown by the

disparate results published (26,62,68,93,138,144). This may result from different

conditions during which the experiments were performed and technical

difficulties. Using different extracellular chloride concentration will lead to

variations in the intracellular chloride concentration. X-ray microanalysis

determines chloride concentrations in mmol/kg dry weight, which is a unit hard

to interpret physiologically. This unit can be converted to mM by making

assumptions about the water content of the cells.
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4.2 Activation of Cl transport in a airway epithelial cell lines (I-III)

4.2.1 Genistein and PBA (I, II)

We have used different drugs to induce chloride transport in human airway

epithelial cells (normal and CF). Genistein was shown to induce chloride

transport both in wildtype and CF cell lines (I,II) in agreement with previous

results stating that genistein is able to activate both wildtype and ∆F508 CFTR

(52). Measurements by X-ray microanalysis showed, that after PBA treatment,

genistein together with cAMP elevating agents, could normalize the chloride

secretion in a CF cell line as inferred from a decrease in chloride content in the

cells after 3 min stimulation (22% decrease compared with a 26% decrease after

cAMP stimulation in a normal cell line). CPX and Genistein + cAMP decreased

the chloride content with 13% and 7% respectively without pretreatment with

PBA (I). Using MQAE fluorescence, the chloride efflux in CF cells after

genistein treatment did not reach rates of the magnitude seen in wildtype cells

(II). Forskolin and IBMX increased the chloride efflux in Calu-3 cells expressing

CFTR from 1.3 ± 0.2 to 7.0 ± 0.9 mM/s. Genistein alone induced a chloride

efflux of 4.3 ± 0.6 mM/s in Calu-3 cells (II). In CF surface epithelial cells,

genistein plus forskolin and IBMX increased the chloride efflux from 0.15 ± 0.02

to 0.31 ± 0.06 mM/s (II). In CF submucosal gland cells genistein alone increased

the chloride efflux from 0.37 ± 0.06 to 0.91 ± 0.14 mM/s (II). cAMP elevating

agents alone did not have any effect on chloride transport in the CF cell lines

with either of the methods (I,II). However, the differences in response may to

some extent be explained by the fact that the cell lines had a different origin, and

intrinsically expressed different levels of CFTR. The MQAE fluorescence

method might be a more useful method for studying treatment of CF cells, since

it allows study of the chloride efflux rate at the time of simulation, although X-

ray microanalysis can be useful in order to simultaneously study the effect on

other elements than chlorine.  
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The MQAE studies showed only a partial correction of chloride efflux when the

efflux rates in CF cell lines were compared with the efflux rates in a non-CF

epithelial cell line. The degree of correction needed to achieve clinical

significance is, however, not known. Since CF is a recessive disease it is

probable that a half maximal chloride conductance through CFTR is enough to

avoid developing the disease. Still, the only way to find out is to test the

substances clinically. 

Genistein was found to be active at low concentrations. This could be of

importance and facilitate a clinical study, since concentrations in the same range

can be detected in plasma after a high soy diet (139). 

There are conflicting data on whether the effect of genistein is dependent on

the presence of forskolin or not. Illek and Fischer (54) and Mall et al. (83) have

demonstrated an effect of genistein alone, while in other studies genistein only

had effect when the cells were simultaneously stimulated with forskolin (52,140).

In our experiments genistein was effective without external stimulation by cAMP

elevating agents.

PBA was not able to enhance the effect of genistein treatment on the rate of

chloride efflux (paper II), although it increased the chloride loss after genistein

treatment (paper I). If genistein is as efficient alone as combined with PBA, this

would be an advantage for the patients, because they would not have to deal with

the unpleasant smell associated with PBA treatment. However, the lack of effect

of PBA pretreatment (paper II) is not in agreement with other studies that have

shown that the effect of genistein is enhanced by treatments that induce

trafficking of CFTR (29,56). A pilot study of combined 4PBA/genistein

treatment in progress in the Children's Hospital of Philadelphia may be able to

clarify the clinical effects of a combined treatment with these drugs in CF

patients (http://clinicaltrials.gov/). 
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4.2.2 GSNO (III)

It was recently shown that GSNO upregulates the expression and maturation of

CFTR in different cell lines expressing ∆F508-CFTR (143). Here we show for

the first time that GSNO treatment directs the CFTR to the cell membrane and

restores cAMP-dependent chloride transport in airway epithelial cells.  

Immunocytochemistry showed an increased presence of CFTR in the

plasma membrane (from 37 score/100 cells in control to 115 score/100 cells with

GSNO) and the cytoplasm (from 67 ± 20 score/100 cells in control to 163 ± 60

score/100 cells with GSNO) after treatment with 60 µM GSNO for 4h. The

chloride efflux increased from 0.26 ± 0.06 mM/s (n=9) to 1.04 ± 0.21 mM/s

(n=7) in the presence of forskolin and IBMX after four hours of 60 µM GSNO

treatment. Less than 4 hours of GSNO treatment or GSNO treatment without

activation of CFTR with forskolin and IBMX did not increase the chloride efflux.

The dependency on cAMP elevating agents for CFTR activation after GSNO

treatment indicates that GSNO does not directly activate ∆F508-CFTR. In this

respect, it appears to differ from genistein and CPX, that have been claimed to

both promote maturation (71,125) and to cause direct activation of ∆F508-CFTR

(24,136). 

The mechanism by which GSNO induces CFTR maturation is not known.

S-nitrosothiols in general are known to alter protein structure by S-nitrosylation

reactions in which they donate the NO-group to a thiol group on a cysteine

residue. Zaman et al. (143) suggested that CFTR maturation might be mediated

by an S-nitrososylation reaction. It was also proposed that reactive thiols in

enzymes important for the ubiquitination might be a target for GSNO. Since

ubiquitination of CFTR targets the protein for degradation in the proteasome,

interference with this process could inhibit the degradation of CFTR. Another

possibility is that GNSO interacts with one of the chaperones that are important

for folding of CFTR (36,90,96,141). Speculation on the mode of action of GSNO

is further complicated by the fact that also the exact mechanism by which the
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chaperones interact with ∆F508-CFTR, preventing its maturation, is still a matter

of debate (22,109,111).

Levels of GSNO as well as reduced glutathione (GSH) are reduced in the

airways of CF patients (46,107). The decreased GSNO levels might be a result of

(a) the decreased GSH, which in turn may be an effect of the defective chloride

transport in cystic fibrosis (39,40), since there appears to be a balance between

GSH and GSNO, (b) decreased nitric oxide synthase expression in the CF

epithelium (63), and/or (c) increased GSNO catabolism (35). GSH and GSNO

are important for airway function. It has been claimed that the effects of GSH

deficiency fit remarkably well with the CF pathology (49). Low GSNO could

also be a result of accelerated degradation as seen in asthma (43) or decreased

inducible nitric oxide synthase expression (91).

In conclusion, since GSNO (a) promotes maturation of ∆F508-CFTR,

allowing cAMP-induced Cl- efflux from airway gland cells, (b) has multiple

other functions of potential benefit to the CF patients, (c) is deficient in the CF

airway, and (d) appears well-tolerated by CF patients (124), it would seem that

further studies into the use of GSNO replacement as a potential treatment of CF

are warranted.

4.3 Activation of CFTR in fresh nasal epithelial cells (V,VI)

The use of nasal epithelial cells for studies of chloride transport may be a useful

tool for evaluating treatment of CF individuals. We have shown that both with X-

ray microanalysis (V) and MQAE fluorescence (VI) it is possible to measure

chloride efflux in these cells. Analyzing nasal cells from CF patients with MQAE

fluorescence led to the finding that while most CF patients do not show cAMP

activated chloride efflux some responded like non-CF individuals. The

measurements were reproducible both among responding and non-responding

subjects. The fact that some patients respond to cAMP may make it harder to

evaluate a treatment of these patients. Analysis of a large number of cells from
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the same patient may show an increase in the number of responding cells after

treatment, but since it was not possible to distinguish the response in the CF

responders from that in wildtype cells, it seems less probable that an effect of

treatment will be manifested as an increase in chloride efflux rate in these cases.

If the analysis is dependent on a large number of cells from the same patient, this

may complicate a study, since it requires regular contact with the patient and the

laboratory. In addition, for some patients it is difficult to obtain a useful sample

of nasal cells. 

Our study on 19 CF patients with severe mutations showed that three of these

patients had a still functional cAMP dependent chloride transport in their nasal

epithelial cells. The presence of cAMP activated chloride transport in airway

epithelium in ∆F508 patients has also been observed by other groups (16,104). It

seems reasonable to hypothesize that functional cAMP dependent chloride

transport will lead to a milder phenotype. Phenotypic parameters (for example

FEV1, colonization with P. aeruginosa and Bhalla score) were collected from the

patients in order to correlate the phenotype with the response to forskolin.  Our

analysis showed that cAMP dependent chloride transport does not necessarily

lead to a milder form of CF although we cannot exclude chloride conductance as

a predictor of a milder phenotype. Immunocytochemistry of nasal epithelial cells

has shown that there is a difference in the number of tall columnar cells that

express CFTR in the apical cell membrane between CF and normal individuals.

About 60% of the TCCs in normal cells express CFTR but only about 20% of the

TCCs in ∆F508/∆F508 cells (94). Studies on cell lines have shown that when

∆F508-CFTR is present in the apical plasma membrane it can be activated with

cAMP elevating agents (108). This put together can explain that chloride efflux

via CFTR can be induced in cells of CF patients, but it does not explain the

difference between patients. 

Some patients in the study expressed a mild phenotype although they had

severe genotypes and did not show any cAMP dependent chloride transport. This

finding is in agreement with a study performed by Romano et al. (104) and
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indicates that other factors than CFTR activity are involved in the damaging

process of the CF lungs. It has been suggested that genetic factors with influence

on relevant aspects of the phenotype other than CFTR could explain the

variability in the expression of the disease. Polymorphism in genes involved in

inflammation (TNF-α (51), TGF-β (7)), immune response (mannose-binding

lectin, (41)) and protection against oxidative stress (glutathione-S-transferase

(GST)M1 (51)) has been shown to influence the severity of the lung disease in

CF patients. Although CF is a monogenetic disease the importance of the total

genetic background of the patients becomes more and more clear.
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5 CONCLUSIONS

♦ X-ray microanalysis and MQAE are both adequate and useful methods for

measuring chloride transport in cultured and fresh airway epithelial cells

(IV,V,VI)

♦ Genistein is a potent activator of wildtype and ∆F508 CFTR in human airway

epithelial cell lines (I,II). Genistein or genistein-like drugs are worth to be

considered as a pharmacological treatment of CF patients. The benefit of the

trafficking agent PBA remains uncertain (I,II).

♦ Genistein is not dependent on cAMP elevating agents for its activation (II).

♦ S-nitrosoglutathione is able to increase expression of ∆F508 CFTR in the

apical membrane on cystic fibrosis bronchial epithelial cells and to induce

functional cAMP dependent chloride transport (III)

♦ CFTR activity is present in nasal epithelial cells from some CF patients with

severe genotypes (VI). 

♦ CFTR activity in nasal epithelial cells does not necessarily lead to a mild CF

phenotype and the absence of CFTR activity does not exclude a mild phenotype.

The phenotype cannot exclusively be explained by the CFTR activity in the

patients (VI)
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6 SVENSK SAMMANFATTNING

Cystisk fibros (CF) är en dödlig, ärftlig sjukdom som orsakas av en mutation

i genen för cystisk fibrosis transmembrane regulator (CFTR). CFTR fungerar

som en cAMP aktiverad kloridjonkanal i cellmembranet i flera typer av

epitelceller, men det är framförallt lungor och bukspottkörtel som drabbas vid

CF. Sjukdomssymptomen är tjockt slem i lungorna, upprepade

bakterieinfektioner och kroniska inflammationer som leder till att lungvävnaden

förstörs. Medellivslängden har med förbättrad behandling ökat dramatiskt och

barn som föds med CF idag har en beräknad medellivslängd på 40 år.

Behandlingen innefattar andningsgymnastik, antibiotikakurer och

bukspottsenzymtillskott. Det finns idag ingen bot mot CF men forskningen

strävar efter att åtgärda felet på cellnivå genom att få igång en fungerande

kloridtransport över epitelet. Det finns olika strategier för detta, vilka kan delas

in i två huvudinriktningar: farmakologisk behandling och genterapi. De

manuskript som ingår i detta arbete har alla en inriktning mot en farmakologisk

behandling av CF. För studierna har använts etablerade cellinjer med och utan

den vanligaste mutationen ∆F508 samt näsepitelceller från CF patienter.

Metoderna som har använts är röntgenmikroanlys (kan bestämma

koncentrationen av klorid och andra joner i cellerna) och MQAE fluorescens (ett

kloridkänsligt, fluorescerande ämne) för studier av kloridtransport och

immunocytokemi för lokalisering av CFTR i cellerna.

Den vanligaste mutationen ∆F508 medför att CFTR hålls kvar i det

endoplasmatiska nätverket (ER) utan att nå sin mogna form och inte kommer ut

till cellmembranet. ∆F508-CFTR fungerar som en kloridjonkanal men med

försämrade egenskaper. Vi har använt olika substanser för att aktivera den

cAMP-reglerade kloridtransporten i humana luftvägsepitelcellinjer med normal

CFTR och med ∆F508-mutationen (I-III). 4-fenylbutyrat (PBA) används kliniskt

för behandling av urea sjukdomar och kan leda ∆F508-CFTR till cellmembranet.

Genistein är en isoflavon som finns naturligt i sojabönor som kan aktivera ∆
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F508-CFTRs och öka kloridutsöndringen. Vi har visat att genistein kan aktivera

CFTR och ∆F508-CFTR i de cellinjer som vi har studerat oberoende av cAMP-

höjande ämnen. S-nitrosoglutathion (GSNO) är ett kroppseget ämne som finns

exempelvis i lungorna. Koncentrationen av GSNO är lägre än normalt vid CF

och GSNO har dessutom en rad egenskaper av potentiell fördel för CF patienten.

Nyligen visades att GSNO kan inducera ett moget CFTR. Våra result visar för

första gången att behandling av celler med GSNO leder till att ∆F508-CFTR når

ut till cellmembranet samt inducerar cAMP-beroende kloridtransport (III).

GSNO:s effekt på CFTR samt dess övriga egenskaper av potentiell fördel för CF

patienter, gör det till en intressant substans för behandling av cystisk fibros.

Näsepitelceller är en lättillgänglig källa för studier av primära celler från CF-

patienter och kan vara av betydelse för att analysera effekten av en

individspecifik behandling. I arbete VI använde vi näsepitelceller från CF

patienter för att studera funktionen av CFTR. CF är en sjukdom med mycket

varierande sjukdomsbild, delvis på grund av de över 1000 olika mutationer som

ger CF. Symptomen skiljer sig dock, av oklar anledning, också avsevärt mellan

patienter med samma mutationer. Vi fann att vissa av patienterna med svåra

mutationer hade en fungerande CFTR kanal i sina näsepitelceller. Vi fann att en

mild fenotyp skulle kunna förklaras med en fungerande kloridtransport men att

en fungerande kloridtransport inte nödvändigtvis medför en mild fenotyp. Det

verkar finnas andra faktorer än funktionen av CFTR som påverkar

sjukdomsbilden hos CF patienter. 
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