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In theory, there is no difference between theory and practice.  
But in practice, there is.  

Yogi Berra  
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Introduction 

1.1 Cystic Fibrosis 
Cystic Fibrosis (CF) is the autosomal recessive monogenic disease with the 
highest prevalence among the Caucasian population. A mutation in the 
CFTR (cystic fibrosis transmembrane conductance regulator) gene results in 
abnormal CFTR protein production that leads to malfunction or absence of a 
cAMP-activated chloride channel in the apical membrane of epithelial cells. 
The most affected by the disease are epithelia of airways, gastrointestinal 
tract, reproductive system and sweat glands.  

The gene coding for CFTR which was identified and cloned in 1989[1] is 
located on the long arm of chromosome 7 (7q31). Although more than 1000 
mutations of the CFTR gene are known today[2], the most common muta-
tion delF508 is present at least in one allele in 90% of CF patients, and 70% 
of CF patients are homozygous for this mutation[3]. 

A commonly cited figure for the incidence of CF in the white population 
(1 in 2500 live births) seems to be outdated since in numerous epidemiologi-
cal studies the incidence of CF was found to have slowly but steadily de-
clined over the past two decades. Thus, in Canada CF birth rates were 
1/3608 in 2000 down from 1/2714 in 1987[4]. European countries report 
similar rates and trends in the incidence of CF[5], attributed to the availabil-
ity of genetic counseling and  an increased number of newborns of non-
European descent[6]. Significant geographic and racial differences in CF 
incidence need to be acknowledged. Non-Caucasian populations have a 
much lower incidence of CF from 1/17000 among African Americans to 
1/100,000 in the Indian and 1/320000 in the Japanese population[7, 8]. 

With the traditionally known prevalence of CF (1/2500), the carrier rate in 
the Caucasian population can be calculated with the Hardy-Weinberg princi-
ple: in a randomly mating population the gene frequencies of three possible 
genotypes are as follows: p2 (homozygous for normal gene, AA), 2pq (Aa, 
heterozygous) and q2 (aa, homozygous for the mutated gene). According to 
the Hardy-Weinberg equation (1-q) = p, where p is the frequency of the 
normal gene (A) and p the frequency of the mutated gene (a). Therefore, if 
the prevalence of CF is 1/2500, the frequency of gene a (q) is 1/50 (square 
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root of 1/2500). Hence, the carrier rate (Aa) is 2pq, or 2x49/50x1/50= 
1/25=4% of the population. 

Such a high frequency of CFTR mutations in people of European descent 
has resulted in the hypothesis of a possible selective advantage when the 
mutation occurs in the heterozygous state. During the Middle Ages that 
could offer protection from deadly cholera-induced diarrhea and possibly 
from Salmonella typhi infection[9, 10]. Even nowadays selective CFTR in-
hibitors are useful not only for research purposes but also to combat secre-
tory diarrhea[11].  

Heterozygotes for the CFTR mutation develop no symptoms, but when 
both chromosomes carry a mutation(s) CFTR structure and function are dis-
rupted leading to viscous secretions in the airways, pancreatic ducts and 
intestine that are responsible for the CF phenotype.  
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1.2 Cystic Fibrosis Transmembrane Conductance 
Regulator 
The CF gene product is a 1,480-amino-acid protein that forms a cAMP-
regulated chloride channel named the cystic fibrosis transmembrane conduc-
tance regulator or CFTR[12]. CFTR is mainly expressed in epithelial cells, 
where it is located in the apical compartment of the plasma membrane. Since 
the CF gene has features of a housekeeping gene, CFTR expression is not 
limited to the cells of epithelial origin. In fact, CFTR mRNA transcripts 
and/or CFTR protein have been demonstrated in lung fibroblasts, blood 
cells, alveolar macrophages, and smooth muscle cells[13, 14]. In addition to 
its typical plasma membrane location, CFTR was also found in membranous 
organelles such as in lysosomes of alveolar macrophages[15]. 

Based on its structure, CFTR belongs to the large super-family of ATP 
binding cassette (ABC) transporters and shares common features with these 
channels (Fig.1). Like other ABC transporters it has 2 transmembrane do-
mains (TMD), each followed by a nucleotide-binding domain (NBD). Each 
transmembrane domain of CFTR consists of 6 membrane-spanning hydro-
phobic �-helices (M1-M6 and M7-M12). Two TMDs when brought together 
form the actual channel, although the precise configuration of transmem-
brane helices around the anion-selective pore of CFTR is yet to be eluci-
dated[16]. The M7-M8 extracellular loop contains two potential sites for 
glycosylation. The nucleotide-binding domains are hydrophilic and located 
at the cytoplasmic side of the protein. Since NBD1 and NBD2 are only 27% 
identical, the two halves (TMD-NBD) of CFTR are not symmetrical. A do-
main, which is unique for CFTR among the family of ABC transporters, is 
the regulatory domain (R-domain). The shape and disposition of the R-
domain is completely unknown[16]. What is known is that the R-domain has 
multiple consensus sites[17] for phosphorylation by protein kinase A 
(PKA)[18, 19]. Protein kinase C (PKC) can also phosphorylate R-domain 
sites; however, alone it leads to only moderate channel activation, while it is 
able to potentiate channel activation by PKA[20]. Unlike most ABC trans-
porters which consume energy from ATP to transport substances across the 
membranes, CFTR mediates passive diffusion of chloride ions. CFTR inter-
action with ATP is needed for gating purposes. 

R-domain phosphorylation by PKA is required for CFTR to open [17]. 
The unphosphorylated R-domain has an inhibitory influence on CFTR chan-
nel gating, which is reversed by R-domain deletion[21]. Once phosphory-
lated, the channel requires cytosolic ATP to open[22]. ATP binding to 
NBD1 and NBD2 [23] causes head-to-tail NBD1-NBD2 interaction via hy-
drogen bond formation between these two domains. Acting as molecular 
glue in holding NBDs together, this interaction leads to CFTR opening[16]. 
Hydrolysis of any ATP disrupts the interaction and the channel gate closes. 
ATP-dependent gating seems to be controlled predominantly by nucleotide 



 14 

hydrolysis at NBD2, since hydrolysis at the NBD1 is very slow[24]. The 
CFTR gate stays open until ATP at NBD2 is hydrolyzed[25]. The study of 
the CFTR gating complexities is work in progress and its completion would 
ease interpretation of results from channel kinetics for those in the field as 
soon as the gating model is clear.  

 
 
 

 
Fig.1 Schematic drawing of the cystic fibrosis conductance regula-
tor[19].  
 

The biophysical properties of CFTR include a low conductance (6-10pS), 
cAMP-stimulation, a linear current-voltage relationship (ohmic), and halide 
permselectivity of Cl->I- [26, 27]. CFTR chloride transport is relatively in-
sensitive to inhibition by DIDS (4,4’-diisothiocyanostilbene-2,2’-disulphonic 
acid). A traditional blocker used to inhibit CFTR is glibenclamide[28]. Re-
cently a more specific inhibitor, CFTRinh-172, has been identified by high-
throughput screening[11]. Besides chloride, CFTR also conducts bicarbonate 
ions[29-31], glutathione[32] and arguably ATP[33].  

In addition to conducting ions, CFTR has an important role in controlling 
several other channels and transporters. The following transport proteins and 
mechanisms of interaction have been investigated: 1) the SLC26 chloride-
bicarbonate exchanger is activated by CFTR[34] and the interaction is recip-
rocal[35], 2) the outwardly rectifying chloride channel (ORCC) channel is 
activated by CFTR-mediated extracellular ATP release, which stimulates 
ORCC via a purinergic receptor-dependent signaling mechanism[33, 36, 37], 
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3) volume-regulated anion channels (VRAC) are inhibited by CFTR expres-
sion[38], 4) Ca2+-activated chloride channels (CaCC) are inhibited by wt 
CFTR expression but not delF508 CFTR expression, suggesting a direct 
interaction [39], 5) renal potassium channel (ROMK) inhibition is enhanced 
by CFTR coexpression[40], 6) ENaC and CFTR interaction is organ-
specific. It is well established that in human airways, intestine and kidney 
epithelium, CFTR inhibits ENaC [41-44] by a highly debated mecha-
nism[45-48]. In sweat ducts on the other hand, ENaC activity is dependent 
on, and increases with, CFTR activity[49]. The interaction of ENaC and 
CFTR in airways is of paramount importance for CF lung disease develop-
ment as evidenced by the recent creation of a transgenic mouse overexpress-
ing �–ENaC[50].  

In most cell types tested, the biosynthesis of CFTR takes about 10 
min[51]. CFTR is synthesized as an  ~140 kDa core-glycosylated protein on 
ER-associated ribosomes and inserted into the ER membrane because it is 
associated with the cytosolic chaperone Hsc70[52] and the ER chaperone 
calnexin[53]. ATP is required as well as association with cytosolic and ER 
chaperones for CFTR to fold properly[54]. However, the process is highly 
inefficient with the majority of wt-CFTR (~75%) and about 99% of delF508-
CFTR not meeting quality control requirements by the ER quality control 
machinery (ERCQ)[51], and being polyubiquinated, retrotranslocated, and 
degraded by the proteasomes[55-58]. The precise time point and reason for 
sorting the protein toward the degradation pathway by chaperones is not yet 
known. Du and co-workers approached the problem by answering the ques-
tion what goes wrong with the most common delF508-CFTR mutant. They 
have discovered that side chain interactions of residue 508 are required for 
the post-translational folding of NBD2 and domain-domain assembly of 
CFTR[59]. A protein that cannot be folded properly must be eliminated by 
the ubiquitin-proteasome system (UPS). Selective recognition of non-native 
proteins is the first step in their elimination. Molecular chaperones are the 
prime candidates to aid in the triage of misfolded proteins[60] and Hsp70 
and Hsp90 were shown to be required for CFTR degradation[57, 61]. Pro-
teins in the secretory pathway including CFTR are believed to be disposed 
by the cytosolic 26S proteasome[62]. Linkage between chaperones and pro-
teasomes in the case of CFTR seems to be done by the CHIP protein (car-
boxy terminus of Hsp70-interacting protein)[57]. A recently suggested 
model of CFTR processing involves sequential quality control check points 
consisting of 1)the RMA1 E3 complex (ring-domain protein RMA1, ER-
associated E3 ubiquitin ligase that contains Derlin-1 protein) to sense the 
assembly status of CFTR prior to NBD2 synthesis and 2)the CHIP E3 ubiq-
uitin ligases complex to monitor the CFTR folding after NBD2 synthe-
sis[51]. 

A fraction, ~25% of CFTR, that has successfully passed quality checks 
and is released from the chaperone complexes is then exported to the Golgi 
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complex[63] where it undergoes N-glycosylation and becomes a fully ma-
ture 180-190 kDa protein. From the trans-Golgi compartment, the mature 
CFTR is transported to its destination in the plasma membrane. Both forms 
of the CFTR glycoprotein are detected in a denaturing gel in Western Blot 
analysis, where it separates into two distinct bands: fully glycosylated ma-
ture protein or band “C” (slower band, 180-190 kDa protein) and core-
glycosylated immature protein (band “B”, 160 kDa) that has not progressed 
beyond the endoplasmic reticulum. 

CF mutations are grouped into six classes based on the molecular mecha-
nism that disrupts CFTR function: 

Class 1- unstable mRNA production, no CFTR synthesis occurs 
Class 2- abnormal CFTR processing and trafficking 
Class 3- defective CFTR regulation (normal trafficking) 
Class 4- decreased CFTR chloride conductance  
Class 5- reduced synthesis and trafficking of normal CFTR 
Class 6A- reduced apical stability 
Class 6B- defective regulation of other ion channels 
Some of the mutants have features of more than one class of mutations. 

The most common delF508 mutation produces a defect in protein folding 
(class 2), stability and channel regulation (class 4) properties (M. Amaral, 
personal communication). Deletion of phenylalanine at position 508 results 
in a protein folding defect leading to proteasomal degradation of the protein. 
Phe508 is located in NBD1, in a surface region termed the �–domain[64]. 
Mutation is not critical for NBD1 folding but rather disrupts contacts be-
tween CFTR subdomains that are essential for proper folding. Inability of 
delF508-CFTR to reach the native state causes the protein to become a sub-
strate of the Hsc70 CHIP E3 ubiquitin ligase, which targets the channel for 
degradation by the proteasome[59, 65]. However, the delF508-CFTR defect 
is conditional and can be overcome by lowering the temperature to 26� C or 
adding chemical chaperones[66, 67]. When delF508-CFTR is channeled to 
reach the plasma membrane it exhibits a reduced open probability and can be 
activated by genistein but not by cAMP elevating agents[68, 69]. 
 
 
 
 
 
 



 17

1.3 CF pathophysiology 
1.3.1 The airways  
1.3.1.1 Clinical background 
Pulmonary involvement occurs in 90% of the CF patients surviving the neo-
natal period. End-stage lung disease (ESLD) is the principal cause of death. 
Upper respiratory tract manifestations of CF are nasal polyps and chronic 
sinusitis[70]. Evaluation by the sweat chloride test of any previously healthy 
child presenting with nasal polyps is mandatory because mild forms of CF 
may go undiagnosed until children develop rhinosinusitis. Moreover, nasal 
polyps are an unusual finding in children without CF[70]. The conducting 
airways (trachea, bronchi, nonrespiratory [terminal] bronchioles) and the 
distal respiratory units (respiratory bronchioles, alveolar ducts, and alveoli) 
have successive branching with a concomitant decrease in airway caliber and 
increase in cross-sectional area. Often referred to in the literature as “small 
airways”, the terminal and respiratory bronchioles are the anatomical site of 
increased airway resistance due to the luminal narrowing in diseases like 
asthma, bronchiolitis and CF. In CF, an obstructive defect with small-airway 
involvement is generally believed to be due to poor mucociliary clearance 
that leads to obstructive lung disease and chronic infections with subsequent 
development of bronchiectasis and ultimate pulmonary failure[71]. The ear-
liest CF manifestations could be observed as early as during the 2nd trimester 
of fetal life with abnormalities in mucus secretion being reported in patho-
logical studies of CF fetuses and newborns[72]. The typical clinical course 
of airway disease starts with a bacterial infection that seems to precede in-
flammatory changes in airways. Bacterial infection of the airways usually 
begins with Staphylococcus aureus (mean age of positive culture of 12.4 
months) and Hemophilus influenzae, followed by Pseudomonas aeruginosa 
later (mean of 20.8 months)[73]. Persistence of infection and inflammation 
through periods of clinical stability ultimately leads to developments of 
bronchiectasis, which is an irreversible dilation of the airways[74]. Repeated 
cycles of pulmonary exacerbations and progressive airways obstruction in-
variably result in respiratory insufficiency and death. 

1.3.1.2 Airway epithelium 
Trachea and bronchi are lined with a ciliated pseudostratified columnar epi-
thelium that contains a rich population of goblet cells. As bronchiole branch-
ing occurs, the epithelium changes from ciliated pseudostratified columnar 
to ciliated simple columnar and, finally, to ciliated simple cuboidal. A typi-
cal respiratory epithelium consists of five cell types: ciliated columnar, mu-
cous (goblet), brush, basal and Clara cells. The most abundant type of cell is 
the ciliated (fluid-secreting) columnar cells. Each cell has about 300 cilia on 
its apical surface[75] with an average length of 6�m[76]. In CF patients the 
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number of microvilli per ciliated cell is decreased by 40%[77]. The next 
largest population of cells is a population of goblet cells responsible for mu-
cus production, which tapers off in the smaller bronchi and is completely 
absent from the epithelium in the terminal bronchioles[78]. The proportion 
of goblet cells to ciliated cells in healthy airways is about 1:5. The ratio is 
increased in smokers, but not in CF patients[77]. The remaining columnar 
cells are represented by brush cells, named so because they have microvilli 
projecting from their surface that measure ~1 �m in length[79]. One more 
type of airway epithelial cells (AEC) that is present in terminal bronchioles, 
is Clara cells. They are devoid of cilia and have secretory granules in the 
apical part that contain glycosaminoglycans. The function of Clara cells is 
not entirely clear, probably it is related to surfactant production, detoxifica-
tion, and being a stem cell for the epithelium in smaller airways. Basal cells 
are small round cells that lie on the basal lamina, to which they are firmly 
attached by hemidesmosomes [75, 80]. Basal cells do not extend to the lu-
minal surface of epithelium. They are believed to be a precursor cell for 
AEC, and they indirectly attach ciliated cells to the basal lamina[80]. All 
abovementioned cells lie in contact with the basal membrane, which is part 
of the lamina propria. The lamina propria largely is composed of smooth 
muscle and elastic fibers. In the bronchi, the lamina propria also contains 
numerous mucous and serous glands that open up via ducts into the bron-
chial lumen.  

Attention to chloride conductance is supported by the fact that in the 
transgenic CF mouse, organs that have an auxiliary mechanism of non-
CFTR-mediated chloride secretion are spared the effects of CF. Thus, CFTR 
and chloride transport seem to play a role in CF-related pathological changes 
in the lungs. Recently, CFTR inhibition in primary airway epithelial cells 
was shown to mimic the CF inflammatory profile by upregulated cytokine 
production[81]. The distribution of CFTR in the airways is therefore of in-
terest for establishing a pathophysiological link between the defect in CFTR 
and the clinical features of CF. In nasal epithelium from healthy people, 56% 
of tall columnar epithelial cells (TCE) have CFTR in the apical membrane, 
while only 22% TCE from delF508 homozygous patients do[82]. In the 
proximal part of the airways CFTR expression is found to be at a high level 
in epithelial cells of submucosal glands[83] and low in surface epithelial 
cells in trachea and bronchi[84]. In non-CF individuals, the presence of 
CFTR in the cells increases gradually towards the distal airways. It worth 
noting that CFTR is localized in the epithelium not uniformly but rather in a 
subpopulation of nonciliated cells (Clara cells and some other nonciliated 
cells) which constitutes 1-10% of all the cells[84, 85]. It has been widely 
accepted that the CFTR protein is predominantly localized in the submucosal 
glands[83]. This notion has been questioned by Kreda and co-workers who 
identified the ciliated cell as the only cell type expressing CFTR in nasal, 
bronchial, and proximal bronchiolar surface epithelia. CFTR protein was 
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expressed in the apical plasma membrane of ciliated cells in a continuous 
pattern along the airway surface. Contrary to a common belief, they found 
no or little CFTR in the submucosal gland cells in tissue specimens from 
normal subjects. The apical regions of ciliated cells of the airway epithelia of 
CF patients (delF508 mutation) were completely devoid of the CFTR immu-
nostaining signal, a finding confirmed by the absence of mature CFTR pro-
tein in biochemical studies of the same samples[86]. These results reinforce 
the view that delF508-CFTR does not progress beyond the ER in epithelial 
cells of delF508 CF patients. Functional studies of normal ciliated cells con-
sistently reveal cAMP-regulated Cl conductance having known properties of 
CFTR, reinforcing the fact of the channel presence in these cells[87].  The 
possible explanation for the discrepancy in the localization of CFTR may lie 
in the fact that some subpopulations of airway epithelial cells have a high 
level of CFTR expression, while CFTR in low amounts (difficult to detect by 
immunocytochemistry) is present in all ciliated cells. 

1.3.1.3 Ion transport in airway epithelium 
CF, which is caused by defective transepithelial transport, is probably the 
best known human disease among numerous ion-channel diseases [88, 89]. 
One of the functions of epithelia is to transport ions and water across the cell 
layer barrier. A vectorial transport of electrolytes is possible only in polar-
ized cells, where an apical plasma membrane compartment is isolated from 
the basolateral part of the membrane by tight junctions, which provide a 
possibility for asymmetrical expression of channels and transporters. The 
CFTR, Ca2+-regulated (CaCC) and volume-regulated chloride channels are 
located in the apical membrane. These channels allow fluxes of Cl- along its 
electrochemical gradient[27]. While in many epithelia different ion transport 
is performed by different cell types, in airway epithelia the ciliated cell is 
responsible both for secreting Cl- and absorbing Na+[87]. Na+ transport from 
the airway lumen into the cell is mediated by an amiloride-sensitive epithe-
lial Na+ channel (ENaC) also located in the apical membrane.  
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Fig.2 Ion transport mechanisms in airway epithelial cells. 

Fig. 2 schematically shows the ion transport mechanism in the respiratory 
epithelium. Like in many other cells, ion transport mediated by transporters 
is linked to a Na+ gradient maintained by the Na+-K+ ATPase which pumps 3 
Na+ ions out of the cell for every 2 K+ ions coming in. The Na+/K+/2Cl- co-
transporter moves Cl- against its electrochemical gradient and can accumu-
late Cl- inside the cell to be released via channels. This co-transporter is lo-
cated in the basolateral membrane along with the abovementioned Na+-K+ 
ATPase. Another channel present in the basolateral membrane is the K+ 
channel. Cl- exit via apical membrane channels needs to be electrically offset 
by K+ efflux through the basolateral membrane[87, 88, 90] and if K+ chan-
nels are inhibited the Cl- secretion stops[90]. Na+ and Cl- are the most impor-
tant ions in absorption and secretion, and water follows passively[88]. There 
is emerging evidence for chloride transport via the paracellular route[91]. 
The proximal surface epithelial cells are mainly absorptive. These cells ab-
sorb Na+ via ENaC; whereas Cl- is absorbed in response to the transepithelial 
potential difference mainly via  the paracellular route[92] and to some de-
gree transcellular through CFTR and CaCC present at the apical membrane 
of these cells[93]. Water follows the ions via tight junctions of the paracellu-
lar route. The serous cells of the submucosal gland are concerned with secre-
tion. They transport Cl- into the airway lumen through CFTR after for in-
stance cAMP stimulation although this has recently been questioned[86]. 
Na+ and water follow through the tight junctions via a paracellular route 
toward osmotic equilibrium[88]. CFTR can also conduct bicarbonate anion 
allowing its movement out of the cells[94]. 
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The ion transport in airway epithelial cells is critical for maintenance of 
the volume and composition of airway surface liquid (ASL) [95]. Altered 
ASL properties are believed to be a key factor in the defective mucociliary 
clearance in CF and altered innate immunity[96].  

1.3.2 Sweat glands 
Human eccrine sweat glands consist morphologically of three parts: the sec-
retory portion (coiled gland), the intradermal duct (coiled and straight duct), 
and the intraepidermal portion (acrosyringium)[97]. Based on its function, 
however, the sweat gland is commonly divided into two distinct parts - the 
secretory coil where primary sweat is produced and a duct where part of Na+, 
Cl-, and HCO3

- are reabsorbed. In a healthy person about 25% of the sodium 
secreted can be reabsorbed. In CF, the sweat chloride is not reabsorbed due 
to defective CFTR functioning, leading to an elevated salt concentration in 
sweat.  

Under physiological conditions, the coil of the gland produces an ultrafil-
trate of the plasma and is mainly under cholinergic control. Chloride is se-
creted into the lumen via CFTR, Na transport into the lumen occurs via a 
paracellular pathway[98]. The secretion can be further enhanced in normal 
sweat glands by cAMP increasing agents, which is likely due to opening of 
CFTR in the apical membrane[99], but this is not the case in CF sweat 
glands where the mutated CFTR does not function properly[100, 101]. As 
sweat passes through the sweat duct, NaCl is normally reabsorbed by duct 
cells via the following sequence of the events: the intracellular Na+ concen-
tration is maintained at a low level by the Na/K-ATPase in the basolateral 
membrane, creating a driving force for passive movement of Na+ into the 
cell through the epithelial Na channel (ENaC). Sodium reabsorption creates 
a favorable electrochemical gradient for Cl-- ions to passively enter the duct 
cells and move across the basolateral membrane down their electrochemical 
gradient[102]. This process, which is normally regulated by cAMP, is im-
paired in patients with CF and resistant to �–adrenergic stimulation[103, 
104]. Reddy and co-workers gained deeper insight into the process by dis-
covering that patients with CF are unable to reabsorb sodium in the duct part 
of the sweat gland due to dual loss of Cl- transport and equivalent loss of Na+ 
conductance via ENaC, owing to its dependence on CFTR activation[49].  

1.4 CF diagnosis, survival and prognosis 
A diagnosis of CF should be considered based on clinical manifestations 
suggestive of CF, positive results of neonatal screening tests or family his-
tory. Phenotypic features suggestive of CF are summarized in Table 1 as 
highly suggestive (those should always lead to further investigation) and 
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symptoms associated with CF where the disease needs to be considered in a 
differential diagnosis.   

 
Table 1 Clinical manifestations suggestive of CF [105]. 
Highly suggestive Suggestive but less specific 

Gastrointestinal manifestations 
Meconium ileus 
Exocrine pancreatic insufficiency 
in children 

Failure to thrive 
Hypoproteinemia 
Deficiency of liposoluble vitamins 
Distal intestinal obstruction syndrome 
Rectal prolapse 
Biliary cirrhosis 
Portal hypertension 
Cholelithiasis in children without 
hemolytic disorder 
Primary sclerosing cholangitis 
Exocrine pancreatic insufficiency in 
adults 
Recurrent pancreatitis 

Sinopulmonary manifestations 
Persistent infections with mucoid 
Pseudomonas aeroginosa or  
Burkholderia cepacia 
Bronchiectasis in both upper lobes 
Nasal polyps in children 

Persistent or recurrent pulmonary in-
fections with Staphylococcus aureus, 
Pseudomonas aeroginosa, Achromo-
bacter xylosoxidans or Haemophilus 
influenzae 
Radiological evidence of bronchiecta-
sis, atelectasis, hyperinflation, or per-
sistent lung infiltrates 
Haemoptysis not related to TB or vas-
culitis 
Chronic/productive cough 
Allergic bronchopulmonary aspergil-
losis (ABPA) 
Nasal polyps in adults 
Radiologic evidence of chronic pansi-
nusitis  
  

Other 
Hypochloremic alkalosis in the 
absence of vomiting 
Congenital bilateral absence of the 
vas deferens (CBAVD) 

Digital clubbing 
Osteopenia/osteoporosis if <40 y.o. 
Atypical diabetes 
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About 15-20% of the children with CF present with meconium ileus at 
birth[106]. For the rest of the infants with CF, neonatal screening offers a 
possibility for early CF detection before symptoms develop. A development 
of a test to measure immunoreactive trypsinogen (IRT) in dried blood spots, 
which is substantially elevated in newborns with CF made a neonatal screen-
ing program possible[107]. Several screening protocols are in practice now, 
all of them begin with a first-tier measurement of IRT in dried blood. In 
some institutions IRT-repeat IRT screening is used (the second dried blood 
specimen is obtained at the age of 2 weeks from newborns with elevated IRT 
values), others use a  IRT/DNA two stage screening protocol with elevated 
IRT test followed by DNA analysis on the same blood spot to detect a spe-
cific CFTR mutation[108, 109]. If the screening test yields positive results 
the infant is referred for sweat testing. In 2004, the Centers for Disease Con-
trol and Prevention (CDC) issued recommendations for states to include a 
CF screening test into routine newborn screening panel based on  epidemiol-
ogical evidence of benefits of screening programs for CF children such as 
improved child survival, growth, cognitive ability, and reduced hospitaliza-
tion rate[7].  

The laboratory costs of CF newborn screening in the USA (approximately 
$4.00 per baby screened) are similar to the costs for screening for more tra-
ditional disorders, such as phenylketonuria ($3.64) and hypothyroidism 
($4.42). In the UK, with the same neonatal screening method the cost was 
5,387 pound sterling per infant diagnosed, or 1.83 pound sterling per infant 
screened (1998 costs)[110]. Cost versus benefits analysis puts the CF screen-
ing test availability issue into a list of public health policy decisions.  

Even in the places where CF newborn screening is routinely done, pedia-
tricians are urged to remain vigilant to suspect the disease based on clinical 
findings since the sensitivity of CF screening tests ranges from 86 to 95%[7], 
which means 14 to 5 CF infants out of 100 would have a false negative test 
result. 

Once CF is suspected based on screening, clinical picture, or positive 
family history a quantitative sweat chloride test is performed. The test was 
invented by Gibson and Cooke in 1959 and it remains the test of choice for 
CF diagnosis[111]. A sweat chloride > 60 mmol/l on repeated measurement 
is diagnostic for CF in a compatible clinical setting. Follow up with a CFTR 
DNA test is nowadays used to establish specific mutations involved. For 
patients with a borderline sweat test (30-59 mmol/l) a CFTR DNA test is the 
second step in diagnostic work up in order to confirm or rule out the diagno-
sis. If this procedure is not diagnostic, a second test for CFTR function –such 
as nasal potential difference measurement or analysis of rectal mucosal bi-
opsy specimens in an Ussing chamber-should be done[112]. Two consensus 
algorithms offering a step-by-step approach for making a CF diagnosis were 
developed by a Diagnostic Working Group of European experts [105].  In 
the US, the median age of diagnosis among all persons with CF is 5.3 
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months[113]. Unlike in classical CF with a majority of cases diagnosed dur-
ing infancy, a milder form of the disease, called atypical CF, may go undi-
agnosed until adulthood. Most of these patients have exocrine pancreatic 
sufficiency and milder lung disease[105].  

In the 1950s when CF was first described the children were dying of pan-
creatic insufficiency and failure to thrive. As the pancreatic enzyme re-
placement therapy solved the problem with a pancreas and children started 
living longer, a full picture of the respiratory problems became evident[114]. 

Nowadays the mortality in CF is associated with chronic obstructive pul-
monary disease and respiratory failure being the primary cause of death 
among 90% of CF patients[7]. Double lung or heart-lung transplantation 
evolved to a standard treatment modality for patients with cystic fibrosis 
suffering from end-stage lung disease. Overall 3-year survival is about 60% 
in lung-transplant patients with cystic fibrosis[115] although patients in-
fected with Burkholderia cepacia complex were reported to have a poor 
prognosis[116]. A timepoint at which decision about transplantation needs to 
be made that most centers would agree upon is a forced expiratory volume in 
1s (FEV1) <30% in a patient receiving maximum medical treatment[117]. In 
another transplantation modality, a living lobar lung transplantation, the 
timepoint of the surgery is also very critical but the decision is based on de-
fining a point when a potential recipient is too ill to justify placing two 
healthy donors at risk of donor lobectomy[118].  

Progress in the supportive care of CF patients more than doubled the me-
dian age of survival in several past decades from 14 years in 1969 to over 40 
in 2008[119]. Country-specific differences in survival exist, which might be 
associated with availability and access to specialized care, treatment strate-
gies and socioeconomic status[120, 121]. 

1.5 Pharmacological treatment of CF 
Currently available modalities of CF treatment for adults are limited to 
symptomatic approaches addressing the problems of pancreatic enzyme de-
ficiency, recurrent pulmonary infections, and defective mucus clearance in 
addition to growth retardation among pediatric patients. Changes in CF care 
since the early 1980s have included[7]: 
1. use of enteric-coated pancreatic enzymes to reduce the frequency of GI 

complications (pancrelipase is a combination of three enzymes: lipase, 
protease, and amylase); 

2. fat soluble vitamin substitution (ADEK, etc.) and high fat diet; 
3. improved mucolytics and airway clearance techniques (DNase, chest 

physiotherapy devices); 



 25

4. more effective antibiotic treatment and prevention of lung infections 
(aminoglycosides, macrolides, cephalosprines, penicillins, fluoroqui-
nolones).  

Causative treatment aimed to ameliorate CFTR malfunction is under de-
velopment based on the understanding of CFTR malfunction in CF.  The 
delineating of the CFTR molecular defects brought attention to several pos-
sible therapeutic targets (reviewed by Roomans[122]):  
� increased CFTR chloride conductance,  
� improved CFTR trafficking and  
� activation of alternative chloride channels. 

 Different CFTR mutations affect CFTR processing and its function in a 
different way and a mutation-specific approach is being envisioned in the 
future that would necessitate full genotyping of every CF patient[114, 123]. 
For some mutants like delF508 CFTR either a combination of drugs or a 
single agent improving several steps may be needed.  

Potential therapeutics that address the trafficking defect of delF508-CFTR 
(“correctors”) discovered so far are chemical chaperones (glycerol, myo-
inositol, 4-phenylbutyrate, GSNO), the short fatty acids ST20 and ST7, sil-
denafil[67, 124-128], Vertex Corrector & UCSF Corrector (no product 
names yet) discovered through high-throughput screening programs 
(http://www.cff.org/research/DrugDevelopmentPipeline). 

Increasing chloride conductance is achieved by the following substances 
(“potentiators”): genistein[129, 130], curcumin[131, 132], GSNO[126, 133], 
VX-770 (Vertex Pharmaceuticals, Inc.) and some compounds detected by 
high-throughput screening programs (Vertex Pharmaceuticals, Genzyme 
Corporation).  

Correction of chloride efflux by stimulating alternative chloride channels 
is envisioned with the use of purinergic agonist INS37217 (Denufosol) for 
the P2Y2-receptor-mediated induction of calcium-activated chloride trans-
port[134], and Moli1901, a small peptide agonist of CaCC[114].  

Several FDA-approved drugs for other purposes (simvastatin, meth-
otraxate, hydroxychloroquine, and pioglitazone) are currently under investi-
gation for potential use in CF (http://www.cff.org/research/ 
DrugDevelopmentPipeline). 

1.5.1 Genistein 
Genistein is a naturally occurring flavonoid that stimulates chloride secretion 
via CFTR in epithelia. Genistein is a well-known specific tyrosine kinase 
inhibitor. Possible molecular mechanisms of genistein’s action include 1) 
inhibition of tyrosine kinases, 2) inhibition of serine/threonine phosphatases, 
or 3) direct binding of genistein to CFTR. Several groups reported an inhibi-
tory effect of genistein on protein phosphatases responsible for the dephos-
phorylation of CFTR[135, 136] and some found a tyrosine kinase inhibiting 
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the effect of genistein[137]. However, this view was later challenged by 
evidence of direct action of genistein on CFTR[138]. Direct interaction of 
genistein with CFTR likely involves genistein binding to the NBD2 do-
main[139, 140] at a site different from the ATP-binding site. This binding is 
believed to allosterically inhibit ATP hydrolysis and to promote the chan-
nel’s open state[141, 142].  

Unlike a debated mechanism of action at the molecular level, the stimula-
tory effect of genistein on the macroscopic cAMP-dependent CFTR chloride 
current is well known in both in vitro and in vivo systems. The magnitude of 
potentiation of chloride transport upon addition of genistein varies. Trans-
fected systems show more prominent stimulation of cAMP-dependent CFTR 
chloride efflux ranging from a 19 to 44 fold increase[136, 143] than do 
epithelial cells expressing native CFTR in their apical membranes, where a 3 
to10 fold rate increase is observed[137]. In vivo, genistein and related fla-
vonoids have been shown to stimulate the nasal potential difference by 30% 
of the isoproterenol response[142]. By now the stimulating effect of gen-
istein has been documented in the cells carrying wt-CFTR, delF508-CFTR 
and G551D-CFTR[144, 145]. The latter protein belongs to the group of class 
III mutations, which leads to a defect in activation although the protein 
achieves proper plasma membrane location. DelF508 CFTR (a class II muta-
tion) exhibits defective trafficking and activation properties. The effect of 
genistein on delF508-CFTR seems to be due to channel activation without 
restoring protein processing steps. It would be logical to assume an additive 
effect of genistein with agents promoting delF508-CFTR trafficking (such as 
4PBA). Indeed, such potentiation of genistein-induced chloride efflux has 
been documented in some[129] but not all[146] CF cell lines. Genistein has 
also been found to promote the function of CFTR as a HCO3

- conduc-
tor[147]. 

The effect of genistein on chloride secretion is stimulatory in lower doses 
(5-10 �M) but inhibitory when higher concentrations (35-50 �M) are used 
[141, 148, 149]. At higher concentrations genistein is also known to block 
the basolateral K+-channel[150]. This would reduce apical ion secretion and 
therefore would be undesirable. ENaC is another channel affected by gen-
istein. Suaud and co-workers demonstrated restored regulatory interactions 
between CFTR and ENaC with genistein treatment[151, 152]. In airway and 
intestinal epithelium, CFTR inhibits ENaC[153, 154] and therefore de-
creases sodium absorption across the apical membrane of the cells. 

Genistein, which is a soy-derived phytoestrogen, has been extensively 
studied to elucidate its multiple health benefits. An Asian diet rich in soy 
products was linked to a decreased risk of cardiovascular diseases and hor-
mone-sensitive cancers (breast, prostate)[155]. A novel isoflav-3-ene com-
pound related chemically and biologically to genistein entered a phase I trial 
in patients with advanced cancer[156] and it was found to be well tolerated. 
No clinical or histological toxicity were found with a genistein serum level 
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of 7-8 �M/L in mice[157]and in dogs[158]. A blood concentration of 1-2 �M 
in humans could be achieved by oral intake of flavonoids or adhering to a 
soy rich diet[159]. A soy-rich diet is not advisable for children with hypothy-
roidism because some of soy isoflavonoids may inhibit iodine absorp-
tion[160]. For those patients who stay on a soy rich diet moderate plasma 
levels should be targeted, since overuse has been linked to breast cancer 
development in mice due to the estrogen-like properties of soy flavon-
oids[161]. 

1.5.2 S-nitrosoglutathione (GSNO) 
S-nitrosoglutathione (GSNO), an endogenous substance, has been shown to 
promote maturation of the defective cystic fibrosis transmembrane conduc-
tance regulator (CFTR) and increase chloride transport in cultured and pri-
mary airway epithelial cells[126, 128, 162] and in kidney cells[163]. Previ-
ously reported bronchodilating, anti-inflammatory and anti-microbial effects 
of GSNO are beneficial in chronic lung inflammatory diseases like CF and 
asthma[164-167]. 

Que et al.[168] claimed that an increased level of SNOs was beneficial in 
asthma, preventing airway hyperresponsiveness and demonstrated that in 
mice genetically deficient in GSNO reductase (GSNOR) increased levels of 
GSNO resulted in maintaining airway patency even in the face of inflamma-
tion and allergen challenge. Recent studies have shown that levels of GSNO 
are reduced in the airway lining fluid of asthmatics as compared with normal 
subjects[169] contrary to the elevated NO levels reported in these pa-
tients[170]. This controversy obviates the fact that GSNO and NO although 
supposed to be easily interchangeable biochemically[171] may not be so 
when it comes to the complex environment of the lungs. NO in exhaled air 
[172-174] as well as SNO levels are abnormally low in CF[175]. The inhaled 
form of GSNO was administered by aerosol to CF patients and it was associ-
ated with increased oxygen saturation (SaO2, a percent of hemoglobin sites 
occupied by oxygen)[176]. 

Therefore, normalizing GSNO levels in the airways would be beneficial 
for CF patients. A possible approach would be either increasing GSNO pro-
duction by correcting the CF-induced error in the synthesis and/or metabo-
lism of GSNO or adding extraneous GSNO. Since the picture of GSNO 
turnover in airway epithelial cells is far from  complete[177, 178] the former 
presents a formidable challenge at the present time. The latter approach 
looks more promising in the light of the positive results obtained in experi-
ments at the cellular level[133]. 

Numerous biochemical pathways and multiple intra- or extracellular tar-
gets may account for the activity of GSNO. This field has attracted signifi-
cant research interest after the attention in NO biology had shifted from the 
traditional NO-cGMP pathway towards the role of S-nitrosothiols (SNOs) as 
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second messengers. Evidence has been accumulated that regulation of pro-
teins through modification at cysteine thiols is an important tool in the regu-
latory processes of the cell[179, 180]. In addition to the well- known phos-
phorylation, glycosylation, methylation, and acetylation, the newly described 
S-nitrosylation[181, 182] and S-glutathionylation[183] are dynamic, post-
translational regulation mechanisms found in most or all classes of pro-
tein[180]. Ji and co-workers demonstrated that both S-nitrosylated and S-
glutathiolated forms of proteins may be generated by the addition of GSNO 
to mixtures containing proteins with reactive sulfhydryls. These modifica-
tions were independent of NO release[184].  

Conflicting findings are reported in the literature about the effect of 
GSNO on CFTR. The relationship of CFTR to oxidized forms of glutathione 
(GSNO, GSSG) at the level of a single channel in the cell membrane has 
been examined by Wang et al.[185]. They demonstrated that GSNO (200 
�M) reversibly inhibited the CFTR channels when applied from the cytosolic 
side to excised membrane patches of BHK cells expressing wild type CFTR. 
Contrary to this finding, in experiments with basolaterally permeabilized 
monolayers of Calu-3 cells, addition of 10 �M GSNO to apical compart-
ments activated chloride transport presumably via wt-CFTR.  

The mechanism of action of GSNO is also a matter of an ongoing dispute. 
The inhibitory effect of GSNO is believed to be brought about by glu-
tathionylation of cys-1344 in NBD2 of the CFTR[185]. In contrast, Cheng et 
al. (2006) attributed CFTR activation to both cGMP-dependent and cGMP-
independent mechanisms[186].  

An effect of GSNO on chloride channels other than CFTR has been dem-
onstrated[187] with suggested cGMP mediated activation of chloride current 
and concomitant intracellular Ca2+ elevation[188]. 

The effect of GSNO on chloride transport in airway epithelial cells re-
gardless of channels involved were assumed not to be based on NO release 
since NO donors (sodium nitroprusside and spermine MONOate) had no 
stimulatory effect on chloride secretion in primary nasal cells from CF and 
non-CF patients[189]. In the same study no effect of NO on ENaC-mediated 
Na+ transport was observed, while others found an inhibitory effect of NO 
on the amiloride-sensitive sodium channel[190]. 

1.5.3 Other agents 
Sodium 4-phenylbutyrate (4PBA, Buphenyl), which is a small chain fatty 
acid, belongs to the class of “corrector” drugs for CF. It is an FDA-approved 
drug for urea cycle disorder. With regard to CFTR, it has been shown to 
disrupt cellular chaperon-dependent retention of mutant CFTR in the 
ER[191] by reducing the association of delF508-CFTR to heat-shock protein 
Hsc-70 leading to the appearance of delF508  CFTR at the plasma mem-
brane. This effect seems to be due to downregulation of the level of Hsc-70 
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and its mRNA in cells exposed to 4PBA[192]. PBA treatment has also been 
shown to upregulate Hsp70, which has a positive effect on CFTR-
trafficking[193]. 4PBA has been tested in Phase I clinical trials and evidence 
of functional delF508 CFTR was observed in nasal epithelia[125]. 

3-isobutyl-1-methylxantine (IBMX) belongs to the xanthines, chemical 
compounds that were known for their indirect effect on delF508 CFTR via 
increasing the cAMP level.  This indirect mechanism of action of IBMX is 
due to its activity as a nonspecific inhibitor of cAMP phosphdiesterase that 
maintains a high level of kinase activity within the cell. 

In addition to an indirect mechanism, a direct interaction of IBMX and 
other xanthines with delF508 CFTR has been explored[194, 195]. IBMX 
caused a dramatic prolongation of the delF508-CFTR channel activated state 
(in the absence of PKA delF508CFTR was inactivated over a 1 to 5 min 
period) and caused a concentration-dependent reduction in the observed 
single channel amplitude and concomitant increase in its open probability in 
membrane patches excised from HEK 293 and mouse L-cells [194].  Thus it 
was concluded that IBMX interacted with the ATP-bound open state of 
CFTR.  

1.6 Asthma 
Asthma is one of the most common chronic diseases affecting as many as 
300 million people worldwide and its incidence continues climbing [196, 
197]. Demographic distribution of asthma globally varies from estimated 1% 
of population affected in Indonesia to about 18% in Scotland. The recog-
nized epidemiologic phenomenon, however, is that although asthma is con-
sidered a disease of the Westernized world, the gap is narrowing as develop-
ing countries see a steep increase in asthma cases. Worth mentioning is that 
the true prevalence of asthma is difficult to determine due to the lack of a 
single objective diagnostic test, different interpretation of symptoms in dif-
ferent countries, lack of primary care resources, as well as uncertain influ-
ence of increasing public and professional awareness of asthma[196]. Even 
for civilized countries asthma presents a formidable public health problem: 
each year approximately 470,000 hospital admissions and 5,000 deaths in 
the United States are attributed to asthma. Prevalence, hospitalizations and 
fatal asthma have all increased in the United States over the past 20 
years[198]. 

Asthma is a disease with great variability in symptoms and signs from pa-
tient to patient as well as individually over time. Major components of the 
clinical picture of asthma are episodic wheezing, shortness of breath, and 
cough. Some patients have infrequent attacks while others suffer nearly con-
tinuous symptoms. Attacks may develop spontaneously or be triggered by 
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inhaled allergens or nonspecific precipitants like exercise, cold air or upper 
respiratory tract infections. 

The asthma diagnosis is a clinical one. It is established based on patient 
presentation, history, symptoms and confirmed by demonstrating the re-
sponse of airway obstruction to bronchodilators[199]. According to the cur-
rent guidelines, the evaluation for asthma should include spirometry (FEV1, 
FVC, FEV1/FVC) before and after the administration of a short-acting bron-
chodilator. Significant reversibility of airflow obstruction is defined by an 
increase of �12% and 200 ml in FEV1 or in FVC after inhaling a bronchodi-
lator[198].  

Although the cause of the disease is unknown, a genetic predisposition to 
asthma has long been recognized. The strongest identifiable predisposing 
factor for the development of asthma is atopy. The term “atopy” is used for a 
predisposition toward the development of immediate hypersensitivity reac-
tions (IgE-mediated) against common environmental antigens and defined as 
the presence of at least one positive skin prick test (wheal � 3mm in diame-
ter) with or without clinical manifestation. The prevalence of atopy is about 
30–40% in the Western population[200].  

From the pathophysiologic point of view asthma is defined as a combina-
tion of a variable degree of airflow obstruction, bronchial hyperresponsive-
ness and airway inflammation (reviewed in [201]).   

1.6.1 Airway inflammation and remodeling in asthma 
Evidence of airway inflammation in asthma initially was discovered as au-
topsy findings in patients with fatal asthma and later confirmed with bron-
chial biopsy specimens from patients with mild and moderate disease as 
well. The airway inflammation is believed to be a contributing factor in the 
chronic course of the disease. The recruitment of inflammatory cells into the 
airway of asthmatics is well documented. Accumulated evidence indicates 
that eosinophils, mast cells, neutrophils and lymphocytes all contribute to an 
abnormal cytokine environment and transformed epithelial structure of the 
asthmatic airway. 

Denudation of the epithelium is a histopathologic characteristic of asth-
matic airways although skepticism about the possibility of tissue damage 
during biopsy and processing of the tissue has been voiced[202]. While this 
is a valid concern, clusters of epithelial cells named Creola bodies in asth-
matic patients sputum described back in 1962 by Naylor[203] indicate 
pathologic desquamation as these bodies are not observed in healthy subjects 
and sputum collection is a noninvasive procedure. Recently, Creola bodies 
have been found to be a prognostic indicator for the development of infantile 
asthma in children under 3 years of age with wheezing[204], which also 
supports the shedding hypothesis[205]. The mechanism of epithelial shed-
ding, however, is not clear. Previous reports from our laboratory demon-
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strated a 40-60% decrease in desmosomal length of columnar epithelial cells 
in asthmatic airways and weakened attachment of columnar cells to the basal 
lamina[80, 206]. Widening of intercellular spaces, collection of edema fluid 
between columnar and basal cell and lack of hemidesmosome attachment 
may contribute to prominent loss of epithelial cells[207-209]. The epithe-
lium possesses a barrier function. A compromised epithelial integrity has 
been linked to increased penetration of inhaled antigens and inflammatory 
cells[210].   

Epithelial disruption is part of a bigger picture of airway remodeling. The 
term "airway remodeling" in asthma refers to structural changes that occur in 
conjunction with, or because of, chronic airway inflammation[211]. Several 
other processes contribute the end result of asthmatic airway outlook: 
- Airway wall thickening. It is commonly recognized that airway 
smooth muscle is hypertrophied and hyperplasic in asthma[212, 213], 
although the extent of these changes varies among patients[213]. In 
addition to that, deposition of extracellular matrix in the subepithelial 
space called subepithelial fibrosis (previously described as basement 
membrane thickening) as demonstrated by electron microscopy con-
tributes to airway wall thickness [214]. The deposited extracellular 
matrix consists of type III collagen, laminin, tenascin and fibronectin 
[215-217]. The collection of myofibroblasts and fibroblasts situated 
underneath the epithelium has a close communication with the epithe-
lium. Recent research suggests that when this communication be-
comes disturbed, the myofibroblasts signal to other fibroblasts and 
smooth muscle cells to proliferate. 
-Goblet cell hyperplasia and hypertrophy, which is a consistently re-
ported finding in asthmatic airway and animal allergic models. Aika-
wa et al.[218] compared the extent of submucosal gland hyperplasia 
and goblet cell hyperplasia in the airway of autopsy samples from pa-
tients that had died from asthma (“fatal asthma”) to those of asthmat-
ics with other causes of death. One particular finding of this study was 
that while submucosal glands areas were not different between the two 
groups, hyperplasia of goblet cells in peripheral airways was promi-
nently increased in fatal asthma. Therefore, goblet cell hyperplasia 
might be one of the risk factors of fatal asthma.  
-Infiltration of inflammatory cells and cytokine production. Eosino-
phils are believed to be the most important for the inflammation in 
asthma. The increased number of activated eosinophils in epithelium 
and submucosa leads to epithelial damage via release of eosinophil 
cationic protein from their granules[219]. The mast cell is yet another 
active participant among inflammatory cells that is thought to be in-
volved in multiple array airway hyperresponsiveness. The mast cell in 
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the airway submucosa is positioned at the interface between external 
and internal environments to enable it to respond rapidly to stimuli 
with mediator and cytokines secretion[220]. The mast cell releases 
mediators such as histamine, heparin, tryptase and cytokines IL-3,-4,-
5,-6, -10,-13 and TNF-�, to name a few. The neutrophil is another 
element of the inflammatory cycle. Recent evidence suggests that neu-
trophils not only contribute to acute asthma exacerbations, but also are 
present in high numbers in the airways of patients with chronic severe 
asthma. Production by neutrophils of reactive oxygen intermediates 
and proteases such as elastase, may contribute to airflow obstruction, 
epithelial damage and remodeling[221]. The lymphocyte is another 
leukocyte present in upregulated amounts in the asthmatic airway. 
There are two subsets of T-lymphocytes: Th-1 and Th-2. Th-1 lym-
phocytes produce INF-	, IL-2 and TNF-�, which activate T cells and 
macrophages to stimulate cellular immunity and inflammation. Th1 
cells also secrete IL-3 and GM-CSF to stimulate the bone marrow to 
produce more leukocytes. Th-2 lymphocytes produce IL-4, IL-5, Il-9, 
IL-10 and IL-13, which stimulate antibody production by B 
cells.[222]. Th1 and Th2 cytokines are antagonistic in activity. 
Asthma has been viewed as imbalance between these two types of 
lymphocyte response[201]. 

The ability of cytokines to induce the expression of adhesion molecules 
such as intracellular adhesion molecule 1 (ICAM-1), vascular cell adhesion 
molecule 1 (VCAM-1) and endothelial-leukocyte adhesion molecule pro-
vides a mechanism for influx of inflammatory cells into the lungs and rolling 
the inflammation cycle. 

1.6.2 ICAM 
The transendothelial migration of leukocytes is a key step in their homing to 
sites of acute inflammation. Leukocyte recruitment is a multistep cascade 
consisting of leukocyte rolling, firm adhesion, and transmigration (reviewed 
by Springer [223]). Intracellular adhesion molecule-1 (ICAM-1) interacting 
with its leukocyte counterreceptors lymphocyte function-associated antigen-
1 (LFA-1) and macrophage antigen-1 (Mac-1) is the key for leukocyte adhe-
sion and transendothelial migration of leukocytes[224]. ICAM-1 is a trans-
membrane glycoprotein with 5 extracellular Ig-G-like domains and a short 
cytoplasmic tail that associates with cytoskeleton linker proteins[223].  

ICAM-1 (CD54) has been shown to be essential for both paracellular and 
transcellular polymorphonuclear leukocyte transendothelial migration and 
ICAM-1 surface density is a crucial factor for transcellular transendothelial 
migration of leukocytes[225]. Cells, when stimulated by inflammatory cyto-
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kines (IL-1, TNF-�) express increased amounts of ICAM-1[226, 227]. 
ICAM-1 is not limited to the vascular compartment: it was found to be con-
stitutively expressed in epithelial cells of the lower and upper airways[228, 
229]. There is also a circulating form of ICAM-1, called soluble ICAM-1 
(sICAM-1). ICAM-1 and its circulating form have been implicated in the 
development of a large number of diseases from atherosclerosis to HIV (re-
viewed in [230]). sICAM-1 has been shown to enhance production of 
macrophage inflammatory protein-1 and TNF-� by alveolar macrophage 
which might play its role in inflammatory diseases like asthma[231]. The 
opposite has also been shown to exist: bronchial epithelial cells in vitro 
treated with airway secretions from bronchiectasis patients developed in-
creased amounts of ICAM-1 which correlated with the levels of TNF-� in 
the sputum applied. 

Active bronchial asthma is associated with increased levels of soluble 
ICAM-1 in serum, while corticosteroid therapy caused reduction of these 
levels. Soluble ICAM-1 is also increased in sputum of symptomatic asthma  
patients compared to healthy individuals[232].  sICAM-1 has been shown to 
be produced by endothelial and epithelial cells in lungs. However, the 
mechanism of sICAM-1 production likely differs in the two cell types from 
opposite sides of the alveolar wall[233]. Interestingly ICAM-1 and VCAM-1 
expression on endothelial cells was reported to be increased just prior to 
spontaneous asthma attacks[234]. As for epithelial ICAM in asthma, con-
flicting findings have been reported. Some authors found an increased per-
centage of epithelial cells expressing ICAM-1, which was correlated with 
FEV1[235], while others reported no difference in ICAM-1 immunopositiv-
ity in biopsies from asthma and healthy subjects[236]. The role of epithelial 
ICAM is also less understood than that of endothelial ICAM.  

Adhesion molecules are investigated not only for their possible diagnostic 
and pathophysiologic implications but also as a promising target for ad-
vanced drug delivery systems that aim at inflammatory and immune phe-
nomena in the lungs[237].  

1.7 Treatment of asthma 
Chronic stable asthma and asthma exacerbations are classified into mild, 
moderate or severe. Treatment algorithms are based on both the severity of a 
patient’s baseline asthma and the severity of asthma exacerbations. Several 
drug classes compose the backbone of current asthma control and mainte-
nance therapy. Those are corticosteroids (inhaled or systemic), beta2-
agonists (long-acting for maintenance and short-acting as quick relief medi-
cations), phosphodiesterase inhibitors (theophilline), and mediators inhibi-
tors (cromolyn, nedocromil)[198]. The newest class of medications for long-
term asthma control is leukotriene modifiers. 
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1.7.1 Corticosteroids 
Corticosteroids remain the most effective treatment available for asthma. 
Inhaled corticosteroids are the first-line treatment for children and adults 
with asthma.  

At a molecular level corticosteroids previously were believed to act via 
interaction of glucocorticosteroid receptors with glucocorticoid response 
elements sites to switch off transcription. However, recent evidence suggests 
that corticoids inhibit the effect of pro-inflammatory transcription factors, 
such as activator protein-1 (AP-1) and nuclear factor (NF-
B), that regulate 
the expression of genes that code for many inflammatory proteins, including 
cytokines, enzymes, adhesion molecules and inflammatory receptors[238-
240]. This is possibly achieved by their effects on histone acetylation. His-
tone acetylation switches on inflammatory genes, so reversal of the acetyla-
tion leads to silencing of inflammatory genes[241]. In order to do that, acti-
vated glucocorticosteroids receptors may bind directly to CREB-binding 
protein and other coactivators to inhibit their histone acetyltransferase 
(HAT) activity or by recruiting histone deacetylases to the activated tran-
scription complex[242]. Approximately 100 known inflammatory mediators 
(inflammatory peptides, lipid mediators, chemokines, cytokines and growth 
factors) are increased in asthma (reviewed in [243]). Improved understand-
ing of the action of corticosteroids at the molecular level has helped to ex-
plain how they might suppress this complex inflammation that involves 
many cells, mediators, and inflammatory effects[244]. 

At the cellular level corticosteroids are known to reduce the number of in-
flammatory cells in airways, including eosinophils, T lymphocytes, mast 
cells and dendritic cells by inducing their apoptosis and clearance[245-247]. 
Epithelial cells are likely one of the main targets for the inhaled form of cor-
ticosteroids, and they may or may not be subject to the pro-apoptotic effect 
of corticosteroids. Conflicting results are reported in this regard. Some au-
thors have found damaging effect of corticosteroids on epithelial cells[248, 
249], while others have noticed prevention of structural changes of the air-
ways by corticosteroid treatment[250]. 

A significant advantage offered by corticosteroids is their synergistic ef-
fect with beta2-agonists. Corticosteroids increase the expression of beta2-
receptors in the lung and prevent their downregulation[251]. A combination 
drug (Symbicort) has already entered markets in Europe and the U.S.A. 

1.7.2 Leukotriene modifiers  
In 1980 the chemical structures of the substance known as slow-reacting 
substance of anaphylaxis were elucidated and shown to consist of three bio-
active leukotrienes (cys-LTs)[252]. The leukotrienes exert their action by 
binding and activating specific receptors, which were identified two decades 
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later[253]. Out of two subtypes of the receptor for cysteinyl leukotrienes, 
CysLT1 is known to be responsible for mediating bronchospasm and other 
leukotriene actions while little is known about CysLT2. Leukotrienes exhibit 
potent broncho-constricting properties (inhalation of leukotriene D4 results 
in the same degree of airway obstruction as inhalation of 10,000 times larger 
doses of histamine or methacholine)[254]. Leukotrienes are produced by 
cells involved in asthma pathogenesis from the arachidonic acid via the 5-
lipooxigenase pathway[255]. In addition to mediating robust and potent 
bronchospasm, leukotrienes induce vascular permeability and tissue edema, 
migration of eosinophils, smooth muscle proliferation and stimulate mucus 
secretion[254]. All of these effects have a role in asthma pathophysiology. 
Logically, blocking this pathway seemed to be a promising treatment ave-
nue.  

Currently available are cysteinyl-receptor antagonists (montelukast, zafir-
lukast) and an inhibitor of leukotriene synthesis (zileuton). Zileuton is a 5-
lipoxygenase inhibitor that decreases leukotriene production, and montelu-
kast and zafirlukast are cysLT1 receptor blockers. They cause modest im-
provement in lung function and a reduction in asthma symptoms, and lessen 
the need for beta2-agonist rescue therapy[198].  
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2. Aims 

The aims of this study were to: 
 

1. investigate effect of the genistein on chloride secretion on CF 
airway epithelial cells (I) 

2. study the effect of GSNO on the chloride efflux in CF cell 
lines and in primary nasal epithelial cells from delF508-CF pa-
tients (II) 

3. study the effect of GSNO, cysteine and GSNO +cysteine com-
bination on the chloride efflux in CFBE cell line (III) 

4. determine the channels involved in chloride transport in NCL-
SG3 cells (IV) 

5. compare apoptosis, necrosis and ICAM-1 expression induced 
by corticosteroids and montelukast in surface airway cultured 
cells (V) 

6. determine the effect of cytokines and corticosteroids on des-
mosomes in surface airway cultured cells (V) 
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3. Methods 

3.1 Cells 

3.1.1 Cultured cell lines (Papers I, II, III, IV, V) 
CFBE41o-, a CF bronchial epithelial cell line (homozygous for  delF508 
mutation) and CFSMEo-, a CF submucosal gland epithelial cell line 
(delF508/2QX) cell lines, generous gifts from Dr. D. Gruenert, San Fran-
cisco, CA, U.S.A., were cultured in EMEM with Glutamax (SVA) supple-
mented with 10% fetal bovine serum (Gibco, Paisley, U.K.), 100 U/ml peni-
cillin, and 100 �g/ml streptomycin sulfate. Calu-3 cells were cultured in 
MEM with glutamax supplemented with 10% fetal bovine serum, 100 U/ml 
penicillin, and 100 �g/ml streptomycin sulfate, sodium pyruvate (1mM) 
(Sigma), and non-essential amino acids (Sigma).  

The human eccrine sweat gland cell line NCL-SG3 (Lee and Dessi, 1989) 
was used in the study. NCL-SG3 cells were grown in William’s E medium 
(Gibco, Paisley, U.K.) supplemented with 10% fetal bovine serum (FBS), 
penicillin (100 IU/ml), and streptomycin (100 �g/ml).  

Baby hamster kidney fibroblasts (BHK) stably expressing wild type 
CFTR (BHK-wt CFTR) were grown in selective medium, consisting of Dul-
becco’s Modified Eagle’s (DME) medium supplemented with 10% FBS, 100 
U/ml penicillin, 100 mg/ml streptomycin and 500 μM methotrexate. BHK 
untransfected (BHK) cells were routinely cultured in DME medium with 
10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin. All the cells were 
grown and maintained in a 5% CO2-humidified incubator at 37 �C. The me-
dium was changed twice weekly. 

HUVEC (human umbilical vein cells) (PromoCell, Heidelberg, Germany) 
were grown in endothelial cell growth medium with 2.5% fetal calf serum, 
0.4% ECGS (endothelial cell growth medium with heparin), 0.1 ng/ml EGF 
(human recombinant epidermal growth factor), 1.0 ng/ml bFGF (human 
recombinant basic fibroblast growth factor) and 1.0 �g/ml hydrocortisone 
(PromoCell). The HUVEC were used between the first and tenth passage.  
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3.1.2 Nasal epithelial cells (Paper II) 
We used cells from CF patients homozygous for the delF508 mutation 
(n=21) and healthy volunteers with no clinical signs of CF (n=8). Genotypes 
of the patients participating in the study were determined by established 
DNA molecular techniques[256]. The study was approved by the Ethical 
Committee of Karolinska University Hospital and the participants had given 
informed consent.  

Nasal brushing was performed as described elsewhere[257]. Briefly, an 
interdental brush with 2.5 or 3.0 mm bristles (Apoteket AB, Stockholm, 
Sweden) was used to scrape along the inferior nasal turbinate and lateral 
nasal wall. Brushes with cells were immediately placed into 1.5 ml of Ea-
gle’s minimal essential medium (EMEM) with Glutamax (SVA, Uppsala, 
Sweden) supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 
and 100 �g/ml streptomycin sulfate at room temperature. When cells needed 
to be transported to the laboratory the tube was kept at 4�C for no longer 
than 3 hours. Cells were removed from the brush by passing it up and down 
through a disposable P200 pipette tip (Treff, Degersheim, Switzerland) with 
the end of the tip cut off. Cells were kept at 37� C in a 5% CO2-humidified 
incubator overnight.  

3.2 Transmission electron microscopy 
The cultured sweat gland cells were fixed in 2.5% glutaraldehyde in 0.1M 
sodium cacodylate buffer for one day. After being washed in cacodylate 
buffer, the specimens were post-fixed in 1 % OsO4 in cacodylate buffer for 
60 minutes. A second wash in buffer was followed by dehydration in a 
graded series of ethanol, and the cells were finally embedded in Agar 100 
Resin (Agar Scientific, Stansted, U.K.). Ultrathin sections were cut, con-
trasted with uranyl acetate/ lead citrate, and examined in a Hitachi H 7100 
transmission electron microscope (TEM) (Hitachi, Tokyo, Japan) at 75 kV.  

3.3 Protein expression 

3.3.1 Immunoblot analysis (Paper II) 
CFBE cells were seeded at 0.5-1 x 106 cells/cm2 and grown on 0.4 μm pore 
filters (Transwell, Corning, NY) at air-liquid interface. Immunoblot was 
performed as previously described[128, 162, 258]. Briefly, whole cell ex-
tracts were prepared in 1% Nonidet P40 (Sigma) lysis buffer containing 50 
mM Tris-HCl (pH 8.0), 150 mM NaCl, 2 mM leupeptin, 1 mM aprotinin and 
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1 mM pepstain, 1 mM PMSF and 2 mM Na2VO4 (Boehringer Mannheim, 
Indianapolis, IN) were sheared through a 25-gauge needle, fractioned on a 
6% SDS polyacrylamide gel in 1x electrode buffer (25 mM Tris, 192 mM 
glycine, 0.1% SDS at pH 8.3), transferred to nitrocellulose membranes (Bio-
Rad, Hercules, CA) in Tobin Transfer Buffer (25 mM Tris, 192 mM glycine, 
20% methanol, pH 8.3), blocked in Tris buffered saline-Tween 20 (TBS-
T=10 mM Tris-HCl, 150 mM NaCl, 0.05% Tween 20, 5% nonfat dried milk 
at pH 8.0) and probed (1 hr, RT) with 1:1000 with anti-CFTR monoclonal 
Ab 596 (kindly provided by Dr. J. R. Riordan, Scottsdale, AZ, USA)  Blots 
were washed, incubated (30 min) with 1:2000 HRP-conjugated anti-mouse 
antibody (Pierce, Rockford, IL) in TBS-T (30 min) and visualized using 
Hyperfilm (Amersham Pharmacia Biotech). Per line 50 mg of protein was 
loaded.  

3.3.2 Immunocytochemistry (Paper IV) 
NCL-SG3 cells were grown on glass coverslips until confluent and rinsed 
with cold phosphate buffered saline (PBS). The cells were fixed in 4% para-
formaldehyde at 4oC for 30 min, rinsed with TBS (150 mM NaCl, 10 mM 
Tris–HCl pH 7.4), containing 0.1% saponin for permeabilization. Unspecific 
epitopes were blocked with 5% bovine serum albumin (BSA) in TBS con-
taining 0.1% saponin for 30 min. The slides were then incubated with the 
primary mouse monoclonal anti-human CFTR antibody (MAB 25031) 
(R&D Systems, Minneapolis, MN, USA) diluted 1:100 in PBS-BSA, for 1h 
at room temperature. In addition, MAB 1660 (R&D Systems, Minneapolis, 
MN, USA) and M3A7 (Chemicon International, Inc., Temecula, CA, USA) 
monoclonal antibodies were used for immunocytochemistry. For the stain-
ing, a Zymed (South San Francisco, CA, USA) kit consisting of a horserad-
ish peroxidase/Fab polymer conjugate and an amino ethyl carbasol (AEC), 
single solution chromogen was used according to the manufacturer’s instruc-
tions. The nuclei were counterstained with hematoxylin and the coverslips 
were mounted on object glasses.  

3.3.3 Flow cytometry (Paper V) 
Cells were cultured in 24-well plates. They were gathered, pelleted and 
washed twice with 0.1% bovine serum albumin (Sigma) in PBS. Cells were 
resuspended, blocked with 1% BSA in TBS for 20 min and then incubated in 
PBS + 1% BSA + 0.2% saponin solution containing mouse anti-human 
CFTR antibody (R&D Systems) MAB 25031 diluted 1:100 for 1h at room 
temperature, washed and further incubated with secondary antibodies conju-
gated with fluorescein isothiocyanate (FITC) goat anti-mouse IgG (Jackson 
ImmunoResearch Laboratories, Baltimore, MD, USA) diluted at 1:100 for 
30 min at room temperature. The cells were analyzed with a FACSCalibur 
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flow cytometer (Becton-Dickinson, Oxford, U.K.). Fluorescence emission 
from FITC-positive cells was detected at a wavelength of 530 nm. Data were 
analyzed using CellQuest software (Becton Dickinson).  

3.4 CFTR function 

3.4.1 X-ray microanalysis (Paper I, II) 
CFBE and CFSME cells were grown to confluence on titanium grids cov-
ered with a carbon coated Formvar film (Merck, Darmstadt, Germany). The 
cells were rinsed in SR and the grid put in a 20 �l drop of SR (control) or 
chloride-free SR with 20 �M forskolin + 50 �M IBMX for 3 min. The cells 
were rinsed with cold distilled water for some seconds before they were fro-
zen in liquid propane cooled by liquid nitrogen (-180°) and freeze-dried 
overnight in vacuum at -150°. The freeze-dried cells were covered with a 
conductive carbon layer before analysis. Analysis was performed in a Hi-
tachi (Tokyo, Japan) H7100 electron microscope in the scanning-
transmission electron microscopy (STEM) mode at 100 kV with an Oxford 
Instruments (Oxford, U.K.) ISIS energy-dispersive spectrometer system. 
Quantitative analysis was performed by comparing the ratio of the character-
istic 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[259]. Spectra were acquired for 50 seconds and each cell was 
analyzed only once. The data were standardized, using the peak for phospho-
rus, to correct for variations in the extraneous background. A minimum of 30 
cells/experiment was measured. 

3.4.2 Intracellular chloride measurements (Paper I, II, III, IV) 
Nasal epithelial cells were made to attach to glass cover slips by treating 
slides with BD Cell-Tak (BD Bioscience, Bedford, MA, U.S.A). CFBE and 
CFSME cells were grown to confluence on glass cover slips. Prior to Cl- 
efflux measurements, the cell lines and the nasal epithelial cells were treated 
with 60 �M GSNO for a total of 4 hours at 37�C.  The treatment was per-
formed by adding freshly made GSNO solution every 30 minutes, by ex-
changing the incubation solution. The cells were loaded with 10 mM MQAE 
for 2h, rinsed in SR solution and the cover slips were placed as bottom in a 
perfusion chamber on the stage of an inverted microscope (Nikon, Diaphot, 
Japan). The temperature was kept at 37�C by heating the chamber holder and 
the objective separately. A 75 W xenon lamp and a monochromator, part of a 
Quanticell 2000 image-processing system (VisiTech International, Sunder-
land, U.K.), provided excitation light at 355 nm (12 nm bandwidth). The 
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emission was measured at 460 nm (30 nm bandwidth) using a CCD camera. 
Cells were bathed in SR. Images were captured for 16 ms every 3-8 seconds 
as described elsewhere[260].  

The basal Cl- efflux was measured during the exposure of cells loaded 
with MQAE to a chloride gradient. Chloride efflux was induced by changing 
from 150 mM chloride buffer to a chloride-free buffer with NO3

- as the sub-
stituting anion without stimulating agents. The basal efflux was compared to 
that obtained in the presence of cAMP agonists (20 �M forskolin and 50 �M 
IBMX) under similar conditions. The agonists or blockers were added 1 min 
before the change of buffer. 

For the nasal epithelial cells, the fluorescence was expressed as relative 
change (Frel) in fluorescence (F) to the initial fluorescence at the beginning 
of the experiment (F0) according to 
Frel=F/F0x100(%) (1) 

The relative chloride efflux rate (JCl-) was determined from the first de-
rivative of Frel with time (�Frel/�t), percent/s. The efflux via CFTR was de-
termined by subtracting the basal relative efflux (Jbasal) from the cAMP-
stimulated relative rate (JcAMP), according to: 
JCFTR=JcAMP–Jbasal (2) 

The chloride measurements on nasal epithelial cells obtained from healthy 
individuals were performed on the day when the biopsy had been taken (day 
0). The nasal cells from CF patients were kept overnight in the incubator in 
order to perform the 4h GSNO incubation along with chloride measurements 
during the same day. Therefore, chloride studies were conducted on the next 
day (day 1). To verify compatibility of the results, the chloride efflux was 
measured on day 0 and day 1 on the cells from healthy volunteers and values 
obtained were not significantly different (data not shown). The chloride ef-
flux from CFBE and CFSME cells was determined quantitatively as de-
scribed previously[126]. 

For each experiment, all the cells in the optical field were analyzed (15-30 
cells) and the average response was counted as one experimental data point. 
GraphPad Prism 4.0 software (GraphPad Software, San Diego, CA, U.S.A) 
was used to determine the value of the Cl- efflux rate. 

3.5 Intracellular calcium measurements (Paper II) 
Cells were grown on glass slides until confluence and loaded with the cal-
cium-sensitive dye fura2-AM (Molecular Probes), 1-5 �M in standard 
Ringer’s solution, for 45 min at 37oC. The cells were mounted as described 
above and excited by alternating 340 and 380 nm light using a filter changer 
under the control of In CytIm-2 software (Intracellular Imaging Corp., Cin-
cinnati, OH, U.S.A) and a 430 nm dichroic mirror. The emission was meas-
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ured through a 510 nm barrier filter with an integrating CCD camera (Cohu, 
Inc., San Diego, CA, U.S.A). A new rationed image (340nm/380nm) was 
obtained every second and the intracellular calcium concentration was calcu-
lated[261].  

3.6 Transepithelial resistance (TEER) (Paper III) 
Intercellular tight junction integrity in cell cultures grown in M199 medium 
on the filter inserts was assessed by measuring TEER with an EVOM epithe-
lial voltmeter in an ENDOHM-6 chamber (World Precision Instruments, 
Sarasota, Fl, U.S.A.). The temperature was kept at 37°C during all prepara-
tion and experimental steps. CFBE cells were seeded with 160,000 cells/cm2 
density.  

3.7 Detection of apoptosis and necrosis (Paper V) 
Cells were cultured as described until reaching the confluence. The experi-
ments were conducted by adding the drug of interest or ethanol alone (con-
trol) for various period of time. Upon the completion of the experiment, cells 
were stained for 10 min with propidium iodide (10 �l/ml) at 37°C. After 
careful washing, cells were trypsinized, resuspended in 900 �l growth me-
dium and preserved on ice until the analysis. The cells were analyzed in a 
FACSCalibur fluorescence-activated cell sorter (Becton-Dickinson, Franklin 
Lakes, NJ, USA) with respect to their forward scatter and red fluorescence 
(FL-3). 5000 cells were analyzed per each sample. Cells with intermediate 
fluorescence were gated as apoptotic and cells with high fluorescence were 
gated as necrotic, and cells with low fluorescence are viable[262]. Data were 
analyzed using the CellQuest software (Becton Dickinson).  

3.8 ICAM expression (Paper V) 
16HBE and HUVEC cells were cultured as described. After trypsinization 
and washing with 37C warm phosphate buffer saline (PBS, from SVA) con-
taining 0.1% BSA or TNS (for 16HBE and HUVEC respectfully), unspecific 
epitopes were blocked with 5% bovine serum albumin (BSA) in TBS (150 
mM NaCl, 10 mM Tris-HCl pH 8.0) for 30 min. The cells were washed and 
incubated for 1 h with the monoclonal mouse anti-human ICAM-1 (CD54) 
antibody (R&D Systems, Minneapolis, MN, USA). After rinsing cells were 
incubated for 1 h in the goat anti-mouse rhodamine-comjugated secondary 
antibody (Southern Biotechnology Associates Inc, Birmingham, AL, USA) 
diluted 1:50 in TBST-BSA and 5 g/ml Phalloidin-FITC (Sigma-Aldrich, St. 
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Louis, MO, USA). Cells were washed and preserved on ice until the analy-
sis. The cells were analyzed in a FACSCalibur fluorescence-activated cell 
sorter (Becton-Dickinson, Franklin Lakes, NJ, USA). 5000 cells were ana-
lyzed per each sample. 

3.9  Statistical analysis  
Where appropriate a paired Student’s t test or analysis of variance (ANOVA 
followed by Bonferroni test) was used to estimate the difference between 
treated and untreated groups. A probability value p<0.05 was considered 
significant. 
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Results  

4.1 Paper I 
The Calu-3 cells responded to forskolin and IBMX with an increased chlo-
ride efflux rate as expected (Paper I, Fig. 1). Non-stimulated cells showed a 
wide variation of chloride efflux rates ranging from 0.3 to 4mM/s. The mean 
efflux was 1.4 � 0.24mM/s. After stimulation with forskolin and IBMX the 
chloride efflux increased fivefold. Genistein alone induced a threefold in-
crease in chloride efflux in Calu-3 cells (Paper I, Fig. 1). Genistein together 
with forskolin and IBMX induced a chloride efflux that was not different 
from the efflux induced by forskolin and IBMX alone (Paper I, Fig. 1). Gen-
istein was effective at a concentration between 2.5 and 50 μM, whereas 1 
μM was without significant effect (Paper I, Fig. 2). PBA was not able to 
enhance the effect of genistein in the Calu-3 cells (Paper I, Fig. 1).  

As expected the    CFSME and CFBE cells did not respond to forskolin 
and IBMX. Genistein alone was able to induce an almost threefold increase 
of chloride efflux in the CFSME cells. Forskolin and IBMX with or without 
pretreatment with PBA were not able to enhance the effect of genistein in 
these cells (Paper I, Fig. 3). Genistein in the concentration range of 2.5–50 
�M was effective in inducing chloride transport in the CFSME cells (Paper I, 
Fig. 4). Fifty μM genistein alone or together with forskolin and IBMX was 
not able to increase the chloride efflux from the CFBE cells. However, after 
PBA pretreatment the combination of 50 �M genistein, forskolin, and IBMX 
doubled the chloride efflux rate (Paper I, Fig. 5). Interestingly, a lower con-
centration of genistein was able to induce chloride transport in the CFBE 
cells, an effect that was enhanced by forskolin and IBMX. PBA treatment 
did not affect the effect of genistein at low concentrations on CFBE cells. 
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4.2 Paper II 
GSNO increases delF508 CFTR function in primary nasal epithelial cells 
from CF patients.  In the nasal tall columnar ciliated (TCC) epithelial cells 
from CF patients, GSNO treatment increased the relative cAMP-dependent 
efflux rate (JCFTR) from -0.19±0.06 to 0.11±0.08 percent/s, reaching the ef-
flux level observed in healthy nasal columnar cells. Out of 21 patients, 18 
demonstrated accelerated chloride efflux after GSNO treatment and in 3 
patients this parameter did not improve (Paper II, Fig. 1a, 1c). The effect of 
GSNO was statistically significant (p<0.01). Chloride efflux in nasal cells 
from healthy persons was not affected by GSNO treatment (Paper II, Fig. 1b, 
1c).   

GSNO increases �F508 CFTR expression and maturation in �F508 
CFTR homozygous airway epithelial cell culture. Treatment with low �M 
concentrations of GSNO resulted in a dose-dependent increase in the expres-
sion and maturation of both bands B and C (Paper II, Figure 2).  However, at 
higher concentration (100 �M) GSNO inhibited CFTR expression (data not 
shown). This dose-dependent experiments suggest that concentrations of 5 to 
10 �M are optimal for this effect as was shown before[162, 263].  

GSNO increases the chloride efflux rate in delF508 CFTR homozygous 
airway epithelial cell cultures.  Chloride transport studies with the fluores-
cent dye MQAE revealed that treatment with 60 μM GSNO for 4 hours in-
creased about 3-4-fold the cAMP-dependent efflux rate from 0.26±0.04 to 
1.05±0.15 mM/s in CFBE cells (Paper II, Fig. 3a) and from 0.25±0.06 to 
0.6±0.18 mM/s in CFSME cells (Paper II, Fig. 3b). After GSNO treatment, 
the basal efflux increased in a similar way as the cAMP-activated Cl- efflux. 
The basal efflux in CFBE cells was sensitive to 200 μM H2DIDS (unspecific 
blocker of Cl- channels other than CFTR). The cAMP-stimulated efflux in 
the GSNO-treated cells was effectively blocked by 40 μM CFTRinh-172 (a 
specific blocker of CFTR), which is a proof that the CFTR channels were 
actively involved in this efflux (Paper II, Fig. 3a).  

To further elucidate how much of the increased efflux could be ascribed 
to NO-release from GSNO, the NO-donor GEA3126 was used. In CFBE 
cells, treatment with 25 μM GEA3162 for 5 min increased basal Cl- efflux to 
0.6±0.04 mM/s which represents about half the effect obtained with GSNO. 
After 4 hours of GEA3162 treatment Cl- efflux was 0.5±0.09 mM/s, not 
different from the 5 min treatment. The cAMP-mediated Cl- efflux in these 
cells was 0.26±0.06 mM/s, which increased to 0.4±0.05 mM/s after 5 min 
and to 0.5±0.05 mM/s after 4h of the GEA3162 treatment (Paper II, Fig. 3a).  

X-ray microanalysis demonstrated that increasing the cellular cAMP con-
centration with IBMX and forskolin had no significant effect of the cellular 
chloride or potassium concentration in CFSME cells. Treatment with GSNO 
(4h, 60 μM) caused a significant decrease of the cellular chloride concentra-
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tion, and the decrease for chloride was small but significant in the presence 
of IBMX and forskolin (Paper II, Fig. 4). 

In the CFBE cells, 60 μM GSNO had no visible effect on [Ca2+]i. The ef-
fect of 100 �M ATP was a robust elevation in [Ca2+]i which in the cells pre-
viously exposed to GSNO took longer time to return to the baseline values 
compared to control cells (Paper II, Fig. 5). Measurement of the area-under-
the curve indicates that the total amount of Ca2+ released into the cytoplasm 
by the ATP exposure was increased by 15% in the case of GSNO pre-
treatment (not significant).  

4.3 Paper III 
In CFBE cells up to 3 minutes exposure to 10 �M GSNO and 20 �M cys-
teine simultaneously increased the chloride efflux rate compared to control, 
1.25 mM/s versus 0.68 mM/s, respectively (Paper III, Fig.1).  Neither GSNO 
no cysteine affected the rate of chloride transport when used alone (Paper III, 
Fig.1). Since the efflux induced was sensitive to DIDS (200 �M) a contribu-
tion of channels other than CFTR ought to be considered.  

The increase in chloride efflux observed at 3 min seams to be a transient 
phenomenon as we did not see any effect on the chloride efflux from these 
cells after 30 min (Paper III, Fig.2) and 1h (data not shown) treatment with 
GSNO, cysteine alone, or a combination of these two. 

4 hours treatment with GSNO alone resulted in an almost twofold in-
crease of chloride efflux in CFBE cells. The result is in line with our previ-
ous findings when 60 �M GSNO was used in these cells[133]. However, 
when both GSNO and cysteine were applied for 4 h, no increase in chloride 
transport was detected. Cysteine (20 and 200 �M) treatment alone was with-
out effect. DIDS (200 �M) somewhat inhibited the observed increase in 
chloride efflux rate, pointing to the possibility that another type of chloride 
channel than CFTR contributes to the chloride efflux (Paper III, Fig.3).  

In our previous experiments[133], 60 �M GSNO was used which might 
be difficult to achieve with exogenous GSNO supplementation. In this study 
we used 10 �M and confirm the effect on chloride efflux with this lower 
concentration (Paper III, Fig.1,3).  

As for cysteine the range of 50 to 200 �M has been reported in the litera-
ture[186, 264]. Here we tested 20 and 200 �M of cysteine. 20 �M cysteine in 
combination with GSNO resulted in a more pronounced increase in chloride 
efflux than 200 �M. Therefore, it seems 200 �M might be in excess. Cys-
teine if used alone had no effect on chloride efflux in CFBE cells (Paper III, 
Fig 1,3). 

Tight junction integrity was assessed by TEER and as shown in Paper III, 
Fig.4, it was neither compromised by GSNO nor by GSNO+cysteine treat-
ment. 
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4.4 Paper IV 
4.4.1 Epithelial markers and ultrastructure 
Transmission electron microscopy of NCL-SG3 grown on glass coverslips 
revealed epithelial polarization with apical microvilli, and tight junctions, 
and desmosomes (Paper IV, Fig. la). NCL-SG3 cells stain positively for ZO-
1 by immunofluorescence (Paper IV, Fig. lb), confirming their epithelial 
origin and the presence of functional tight junctions in culture. 

 
4.4.2 CFTR expression and function  
Chloride transport studies with the fluorescent dye MQAE revealed that the 
cAMP-stimulating agents IBMX and forskolin did not increase the rate of 
chloride efflux above the values in the unstimulated control (0.40 and 0.46 
mM/s respectively). Addition of CFTR Inh-172, a specific CFTR blocker, 
together with cAMP stimulating agents yielded a Cl- efflux (0.55 mM/s), that 
was not significantly different from the control and the efflux observed with 
cAMP stimulation alone ( Paper IV, Fig. 2).  

Immunocytochemistry was used to determine the presence and location of 
the CFTR protein in NCL-SG3 cells. BHK cells stably expressing wild type 
CFTR (BHK-wt CFTR) were used as a positive control. A negative control 
was achieved by omitting the step of primary antibody exposure in the re-
spective slides. Under the light microscope no difference in staining could be 
observed between negative control slides and NCL-SG3 cells, meaning ei-
ther that the cultured sweat gland cells did not express CFTR or that the 
method failed to detect it (Paper IV, Fig. 3). To reduce the likelihood of the 
latter, three different monoclonal antibodies against CFTR were used, all 
yielding a similar pattern of staining (data not shown). 

However, the possibility that the level of CFTR expression in NCL-SG3 
cells was low and the difference between NCL-SG3 cells and negative con-
trol could not be determined by light microscopy could not be excluded. 
Therefore, we used flow cytometry for CFTR quantification in NCL-SG3 
cells (Paper IV, Fig. 4). In order to be able to relate the amount of CFTR in 
NCL-SG3 cells to a cell culture with known CFTR expression, we used 
BHK cells that stably overexpress wild type CFTR (BHK-wt CFTR) and 
untransfected BHK cells that do not possess CFTR. The level of CFTR de-
tection in NCL-SG3 cells was no different from that in untransfected BHK 
cells, which allows the conclusion that the protein is not expressed in NCL-
SG3 cells.   
 
4.4.3 Ca2+-activated chloride channels versus volume-regulated anion 
channels  
Chloride transport studies with the fluorescent dye MQAE revealed that the 
chloride efflux from the sweat gland cells was significantly increased by 
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extracellular addition of the calcium ionophore A23187 (Paper IV, Fig.2) 
compared to the non-stimulated efflux rate in these cells (0.90 mM/s versus 
0.44 mM/s, respectively). Extracellular ATP caused a two fold increase in 
chloride efflux from NCL-SG3 cells with a maximum rate of 0.83 mM/s, 
which was significantly different from control. While UTP added extracellu-
lar also stimulated chloride efflux, it did so to lesser degree (0.62 mM/s). 
Niflumic acid (20 and 100 μM) effectively blocked the ATP-stimulated 
chloride transport, producing a rate of 0.40 and 0.31 mM/s, respectively. 
H2DIDS (100 μM) was equally effective as a pharmacological blocker re-
ducing the level of the chloride transport to 0.37 mM/s, while gadolinium 
failed to inhibit the chloride conductance as compared to ATP-stimulated 
rate (0.88 versus 0.94 mM/s). 

4.5 Paper V 
Exposure of 16HBE cells for 24 hours to dexamethasone (1 to 10 �M) and 
montelukast (1 to 10 nM) resulted in apoptosis (Paper V, Fig.1a). However, 
the extent of apoptosis in these cells after treatment with beclomethasone 
and budesonide for 24 hours did not differ from the control (Paper V, 
Fig.1a). Necrotic effects of the drug tested in 16HBE cells paralleled those 
on apoptosis, with both dexamethasone (1 �M to 10 �M) and montelukast (1 
nM to 10nM) causing significant necrosis of 16HBE cells after 16 to 24 h of 
exposure, while beclomethasone and budesonide in the same concentration 
range did not have this effect (Paper V, Fig. 1b). 

The apoptosis and necrosis profile in Calu-3 cells was different from the 
one observed in 16HBE, with budesonide (1 �M) causing apoptosis and 
necrosis while dexamethasone, beclomethasone, and montelukast did not 
cause significant apoptosis or necrosis (Paper V, Fig. 2a and 2b). It was only 
possible to test low concentrations of corticosteroids and montelukast on 
Calu-3 airway epithelial cells, since the substances had to be dissolved in 
ethanol and Calu-3 cells were more sensitive to ethanol than 16HBE cells.  

The apoptotic effect of dexamethasone (0.1 �M) on 16HBE cells was not 
inhibited by the pan-caspase inhibitor Z-VAD-fmk. Calu-3 cells were not 
affected by the same concentration of corticosteroids, and the presence of the 
pan-caspase inhibitor made no difference in the extent of apoptosis observed 
(Paper V, Fig. 3a and 3b). 

Desmosomal length was measured in the TEM and the relative area of the 
lateral cell border occupied by desmosomes was calculated. TEM showed 
that treatment of 16HBE cells with TNF- � or INF-	 reduced the fraction of 
cell membrane length that was made up of desmosomes (Paper V, Fig. 4). 
This reduction was counteracted by treatment with corticosteroids (Paper V, 
Fig. 5).   
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As determined by flow cytometry, treatment with corticosteroids or mon-
telukast resulted in increased ICAM expression in 16HBE cells, while the 
opposite effect was observed in primary endothelial (HUVEC) cells (Paper 
V, Fig. 6).  
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 Discussion 

5.1 Effect of genistein on CFTR in human airway 
epithelial cell lines (Paper I) 
We have studied the effect of genistein and PBA on chloride transport in 
three different human airway cell lines: Calu-3, CFSME, and CFBE. Our 
study showed a maximal effect of genistein at concentrations between 2.5 
and 50 �M. Previous studies have reported ED50 values of 1.9[265], 2.8 
�M[148] (respiratory epithelia), 35 �M (rectal mucosa)[148], and 12.5 �M 
(T84 cells)[266]. It seems that the 50 �M concentration that is often used 
might be in excess. To avoid undesired inhibition of basolateral K+ chan-
nels[148, 150] it would be beneficial to use lower concentrations of gen-
istein. The fact that genistein induces chloride efflux at low concentrations is 
interesting from a clinical point of view, since the genistein concentration in 
plasma in volunteers with a soy-rich diet reaches levels in the micromolar 
range[267]. Calu-3 is a cell line with a well-documented CFTR expression. 
Genistein alone was able to increase the chloride transport in this cell line in 
the concentration range of 2.5–50 �M. The chloride efflux rate after gen-
istein treatment was about half the rate induced by forskolin and IBMX. The 
efflux of genistein together with forskolin and IBMX was not larger than the 
effect induced by the cAMP-elevating agents alone. The literature is divided 
on whether the effect of genistein and optimal concentrations of forskolin are 
additive or not[143, 150, 265, 268].  

The CFSME cell line is a submucosal gland cell line with the genotype 
delF508/2QX. Genistein was able to increase chloride secretion in this cell 
line, but the effect was not enhanced by treatment with cAMP elevating 
agents. PBA treatment did not augment the effect of genistein. Since the 
second mutation is 2QX, it cannot be excluded that it is a type of mutation 
where unlike delF508, the mutant CFTR is processed in the ER, so that 
treatment with PBA would not increase the amount of CFTR in the plasma 
membrane. While genistein at a concentration of 50 �M was not able to af-
fect the chloride transport in the CFBE cells, a 10–20 times lower concentra-
tion had a pronounced effect. Apart from being an activator of CFTR gen-
istein has been shown to inhibit basolateral K+-channels[148, 150]. This 
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effect was seen at high but not at low concentrations of genistein. Therefore, 
it is possible that inhibition of basolateral K+-channels hides the activation of 
CFTR at high (50 �M) concentration of genistein in the CFBE cells. There 
are conflicting data regarding the effect of genistein that is dependent on the 
presence of forskolin. Illek and Fisher[142] and Mall et al.[148] have dem-
onstrated an effect of genistein alone, while in other studies genistein only 
had effect when the cells were  simultaneously stimulated with forsko-
lin[136, 143]. Our data show forskolin-independent activation of CFTR by 
genistein. Although genistein is a potent activator of both wildtype and 
delF508 CFTR, the efflux rates seen in the CF cell lines after stimulation 
with genistein in this study do not reach the levels seen in Calu-3 cells after 
stimulation with forskolin and IBMX. In Calu-3 cells, forskolin and IBMX 
cause an increase in chloride efflux of about 5mM/s, whereas the chloride 
efflux induced by genistein in CFBE and CFSME is only about 10% of that 
rate. It is therefore not certain that the effect of genistein on CF cells will be 
significant when it is administered to the patients. However, it should be 
taken into account that the cell lines studied were from different sources and 
have different endogenous expression of CFTR. CFBE cells had a weaker 
response than CFSME cells, which might be explained by the fact that sub-
mucosal gland cells are known to express the highest level of CFTR in the 
airways[83]. Genistein could activate chloride transport in both the normal 
and CF cell lines even without PBA pretreatment. This indicates that some 
delF508 is present at the plasma membrane which is in agreement with ear-
lier studies using immunostaining of delF508 CFTR[82, 269] or activation of 
delF508 CFTR[143, 265, 270]. In our previous study the effect of genistein 
and PBA on CFBE cells it was found that PBA augments the effect of 50 
�M genistein. This was also seen in the present study. However, PBA pre-
treatment had no effect on the other cell lines in this study nor on lower con-
centrations of genistein in the CFBE cells. The conclusion of this study is 
that genistein is a potent activator of CFTR and delF508 CFTR in human 
respiratory epithelial cells at micromolar concentrations that might be 
achieved by a soy-rich diet[267] and that under those conditions PBA does 
not enhance the effect of genistein. 
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5.2 Activation of chloride transport by GSNO in CF 
cells (Paper II) 
GSNO increases cAMP-dependent chloride efflux in primary nasal epithelial 
cells obtained from delF508 homozygous CF patients.  As such, it has the 
potential to represent a corrector therapy for CF.  Strikingly, GSNO is an 
endogenous compound with effects (and therapeutic uses) in several differ-
ent organ systems.  Moreover, GSNO has several different airway effects, 
and its levels are low in the CF airway; CF and other airways diseases may 
therefore represent, at least in part, GSNO deficiencies.  Additionally, we 
have 1) confirmed using a monoclonal antibody that GSNO increases matu-
ration of delF508 CFTR in a delF508-homozygous airway epithelial cells 
line; 2) confirmed that GSNO increases the cAMP-stimulated chloride efflux 
in different human airway cell lines (CFBE, CFSME) expressing delF508 
CFTR by using two independent techniques – the MQAE video-imaging 
assay and X-ray microanalysis; 3) further characterized the chloride efflux 
upregulated by GSNO in delF508 CFTR homozygous cells, demonstrating 
that CFTR is involved; and 4) shown that GSNO does not increase intracel-
lular Ca2+ levels in CFBE cells. 

CFTR-dependent Cl- secretion in homozygous CF patients was found to 
be highly related to the respiratory status in patients with CF with class I and 
II mutations, and it has been demonstrated that even residual CFTR activity 
was a good prognostic factor for pulmonary status in this subset of patients 
[271]. We studied the effect of GSNO on chloride transport in nasal TCC 
from homozygous delF508 CF patients. The delF508 mutation belongs to 
class II, which is the class of abnormal protein folding mutations. Chloride 
efflux mediated by CFTR was, as expected, nonexistent in TCC obtained 
from CF patients, since these cells lack functional CFTR at the plasma 
membrane. Treatment of these cells with GSNO for 4h was able to restore 
CFTR-mediated chloride transport to a level comparable with the one ob-
served in healthy TCC (Paper II, Fig. 1).   

Due to the scarcity of cells in the nasal brushing biopsy, a direct test of 
GSNO effect on delF508 CFTR maturation (immunoblot) was not possible 
in the primary cells. However, in the bronchial cell line CFBE, homozygous 
for delF508 CFTR, low μM concentrations of GSNO resulted in a dose-
dependent increase in the expression of both bands B and C of the im-
munoblot. These low �M levels of GSNO appear to affect CFTR primarily 
through a post-transcriptional mechanism, although there appears also to be 
a modest, transcriptional effect through augmentation of Sp3 transcription 
factor expression and binding[162]. 

Further, we attempted to characterize the channels involved in Cl- trans-
port using two CF cultured cell models, the CFBE41o- and CFSMEo- cell 
lines. In CFBE cells, which are homozygous for the delF508 mutation, 
GSNO treatment resulted in about a tripling of the rate of Cl- efflux both 
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under basal and cAMP-stimulated conditions. A specific blocker of CFTR 
(CFTRinh-172) eliminated more than 50 % of the increased Cl- transport 
while both GSNO and cAMP agents were present, thus providing evidence 
of the contribution of CFTR to the observed Cl- efflux. In basal conditions, 
due to inherent phosphorylation, 60% of wt-CFTR is in activated (open) 
state. Addition of cAMP increases this state to 100% in wt-CFTR expressing 
cells[272]. GSNO treatment might result in full activation of CFTR, such 
that application of cAMP agonists would not increase further the Cl- efflux. 
It is known that oxidizing conditions slow down CFTR gating while reduc-
ing conditions increase open probability[273]. Since GSNO or its products 
can interact with the cysteine residues of CFTR, modification of gating can-
not be excluded. In addition, the CFTRinh-172 is considered a specific 
blocker and in recent years is widely used to prove the contribution of 
CFTR. However, a blocker of Cl- channels other than CFTR (H2DIDS) also 
resulted in an inhibition of the efflux, either after GSNO treatment or with-
out such treatment. In the presence of cAMP stimulators a smaller propor-
tion of the Cl- efflux was blocked by non-specific H2DIDS compared to the 
efflux under basal conditions (no cAMP elevating agents present). This im-
plies involvement of CFTR as well as that of other Cl- channels to GSNO-
induced increase in Cl- efflux. Besides CFTR, Cl--conductive pathways in 
bronchial epithelial cells are Ca2+-activated and volume-dependent Cl--
channels. However, Ca2+-activated channels are not likely to be directly re-
sponsible for the efflux since the intracellular Ca2+ concentration remained 
constant after GSNO application (Paper II, Fig. 5).  Volume dependent Cl- 
channels were not investigated in the current protocol. 

The CFSME cells have been shown to produce vestigial amounts of 
CFTR-mRNA, do not express detectable CFTR protein, and characteristi-
cally lack cAMP-induced Cl- currents[274].  We documented Cl- loss after 
GSNO treatment in CFSME cells by X-ray microanalysis and confirmed this 
finding by Cl- efflux measurements using the MQAE fluorescent dye 
method. In comparison with CFBE cells, Cl- efflux in CFSME cells in-
creased to lesser degree after GSNO treatment, which could be due to the 
fact that these cells are heterozygous for delF508 mutation (delF508/2QX 
genotype).  

Unlike in submucosal airway cell expressing wild-type CFTR (Calu-
3)[188] and cerebellar granular cells[275], in CFBE cells there was no eleva-
tion in intracellular calcium level after GSNO application. However, we 
observed an increased area-under-the-curve after ATP exposure subsequent 
to GSNO treatment. This finding most likely is due to delayed extrusion of 
Ca2+ from the cytoplasm, which is dependent on the function of either the 
smooth endoplasmic reticulum Ca-ATPase or the plasma membrane Ca2+ 
pump. Both are known to be sensitive to oxidation of their thiol groups and 
free radicals like peroxynitrite, which is one of the possible breakdown 
products of GSNO.  
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This paper for the first time demonstrates a GSNO-induced increased Cl- 
efflux from native CF-airway epithelial cells carrying the delF508 mutation. 
Both the functional studies and the Western blot experiments support the 
notion that GSNO in some way helps to overcome the trafficking defect of 
delF508-CFTR. On the other hand, GSNO does not promote Cl- efflux in 
airway epithelial cells from healthy persons, which may speak against a di-
rect effect of GSNO on CFTR. In terms of a mechanism by which GSNO 
induces chloride efflux from cells carrying the delF508 mutation, GSNO has 
recently been reported to act via both NO-cGMP dependent and independent 
pathways[186]. We therefore compared Cl- efflux in CFBE cells after GSNO 
treatment with the effect of a lipophilic NO donor GEA3162, and the slight 
increase in basal and cAMP-stimulated Cl- efflux caused by GEA3162 may 
support the notion that the effect of GSNO might to a minor extent be due to 
NO radical release. However, the mechanism by which GSNO acts is cer-
tainly more complex and may well be multifactorial, including effects at the 
nuclear level[162]. Nevertheless, the fact that GSNO is able to normalize Cl- 
efflux from CF airway epithelial cells, in combination with the fact that 
GSNO is a naturally occurring, non-toxic compound, supports further study 
of this compound as a potential drug for CF.  

We have shown that treatment with GSNO normalizes Cl- efflux from 
cells isolated from CF patients with the delF508-mutation; and 2) associated 
increase in Cl- efflux found was in part due to CFTR maturation from respi-
ratory epithelial cell lines with the delF508-CFTR mutation. This endoge-
nous compound hence may be of value as a possible candidate to correct the 
basic defect in CF. 

5.3 The effect of GSNO and cysteine on chloride ion 
transport in CFBE cells (Paper III) 
In our previous studies GSNO was found to increase maturation and function 
of delF508 CFTR[126]. As further elaborated by Zaman et al., increased 
CFTR expression and maturation after GSNO treatment in wild type and 
�F508 cells is due to a post-transcriptional effect, likely via S-nitrosylation 
[128, 162, 276]. Although S-nitrosoglutathione-corrected �F508 CFTR ex-
hibits a shorter half life compared to wild type CFTR[163], our studies on 
chloride efflux induced by GSNO in CF airway cell lines and primary nasal 
epithelial cells obtained from homozygous �F508 CF patients demonstrated 
the possibility to increase chloride efflux in these cells[133].  

Zhang and Hogg reported recently that the presence of L-cysteine in me-
dium enhanced GSNO-dependent S-nitrosothiol (SNO) uptake and the intra-
cellular SNO level more than 50-fold[264]. Therefore, we sought to compare 
the effect of a combination versus a treatment of GSNO and L-cysteine at 
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various exposure times on chloride efflux in superficial epithelial CF airway 
cell model: CFBE cells.  

In CFBE cells up to 3 minutes exposure to 10 �M GSNO and 20 �M cys-
teine simultaneously increased the chloride efflux rate compared to control, 
1.25 mM/s versus 0.68 mM/s, respectively (Paper III, Fig.1).  Neither GSNO 
no cysteine affected the rate of chloride transport when used alone (Paper III, 
Fig.1). Since the efflux induced was sensitive to DIDS (200 �M) a contribu-
tion of channels other than CFTR ought to be considered.  

The increase in chloride efflux observed at 3 min seams to be a transient 
phenomenon as we did not see any effect on the chloride efflux from these 
cells after 30 min (Paper III, Fig.2) and 1h (data not shown) treatment with 
GSNO, cysteine alone, or a combination of these two. 

 4 hours treatment with GSNO alone resulted in an almost twofold in-
crease of chloride efflux in CFBE cells. The result is in line with our previ-
ous findings when 60 �M GSNO was used in these cells[133]. However, 
when both GSNO and cysteine were applied for 4 h, no increase in chloride 
transport was detected. Cysteine (20 and 200 �M) treatment alone was with-
out effect. DIDS (200 �M) somewhat inhibited the observed increase in 
chloride efflux rate, pointing to the possibility that another type of chloride 
channel than CFTR contributes to the chloride efflux (Paper III, Fig.3).  

The main finding of this study is that a combination of GSNO with cys-
teine produced a response of increased chloride efflux within 1-3 minutes 
but not after 4h treatment, while GSNO alone was only effective at 4h incu-
bation. The difference in the pattern of response observed with 
GSNO+cysteine (minutes) versus GSNO alone (hours) points to the possibil-
ity that more than one channel or mechanism is involved in the GSNO ef-
fect. GSNO is believed to stimulate chloride secretion via both cGMP-
dependent and independent pathway[186]. There are conflicting data regard-
ing the biochemical interplay of cysteine and GSNO with cells. While it has 
been suggested that cysteine may increase the efficiency of NO release from 
GSNO[277], other studies challenged this findings[264]. At the channel 
level, CFTR has been implicated in GSNO-mediated efflux by several stud-
ies, based on inhibition achieved with the CFTR-inhibitor172 or glibencla-
mide[133, 186]. As suggested by Duszyk et al., GSNO also activates baso-
lateral chloride conductance mediated by bestrophin[278]. Bestrophin ex-
pression has been demonstrated in normal bronchial epithelium and func-
tionally it is characterized by sensitivity to DIDS[278]. Since CFBE cells are 
derived from surface epithelium they are likely to possess bestrophin and 
other basolateral channels present in healthy counterparts. Our data show an 
inhibition of increased chloride transport by DIDS, which favors a contribu-
tion of bestrophin simultaneously. Our system detects both apical and baso-
lateral transport of chloride, therefore, a possibility of both channels making 
a contribution to the efflux observed cannot be excluded. 
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 In our previous experiments[133], 60 �M GSNO was used which might 
be difficult to achieve with exogenous GSNO supplementation. As reported 
by Chen et al., a 10 �M GSNO concentration which is approximating the 
level of endogenous S-nitrosothiols detected in the airway fluid of normal 
subjects[165], was successful in activating chloride efflux. In this study we 
used 10 �M and confirm the findings cited above.  

As for cysteine the range of 50 to 200 �M has been reported in the litera-
ture[186, 264]. Here we tested 20 and 200 �M of cysteine. 20 �M cysteine in 
combination with GSNO resulted in a more pronounced increase in chloride 
efflux than 200 �M. Therefore, it seems 200 �M might be in excess. Cys-
teine if used alone had no effect on chloride efflux in CFBE cells (Paper III, 
Fig 1,3). 

We hypothesized that a combination of aerosolized GSNO+cysteine may 
affect epithelial cell-cell contacts when significant NO release takes place in 
the ASL. NO has been shown to open the tight junctions at the level of 
zonula occludens[279]. Due to this property, NO donors have been found to 
promote the uptake of substances of interest (insulin, low-molecular weight 
heparins) believed to be due to their action on tight junction[279-281]. If NO 
release occurs in the case of the combination of GSNO-Cysteine combina-
tion, this combination would be expected to decrease transepithelial electri-
cal resistance (TEER) across CFBE cell layer. As shown in Paper III, Fig.4, 
TEER was not affected by GSNO nor by GSNO+cysteine treatment, allow-
ing the conclusion that NO release either did not occur or occurred in 
amounts not affecting tight junction integrity. 

It can hence be concluded that: 
1. GSNO+cysteine has a different profile of chloride efflux 

from CFBE cells compared to GSNO alone;  
2. a physiologic concentration of 10 �M GSNO has a similar 

effect on chloride efflux from CFBE cells as the 60 �M 
studied previously; 

3. 20 �M cysteine is as effective as 200 �M in stimulating 
the chloride efflux from CFBE cells when used together 
with GSNO; 

4. GSNO (with or without cysteine) does not alter the integ-
rity of epithelial tight junction as demonstrated by TEER 
measurements. 
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5.4 Assessment of chloride ion transport in NCL-SG3 
cells (Paper IV) 
To function as epithelia capable of vectorial ion transport, sweat gland 
cells should form functional cell-cell contacts that seal off the apical 
plasma membrane from the basolateral membrane. The epithelial 
characteristics of NCL-SG3 cells were re-examined in this study be-
cause the culture medium composition has been modified from the 
one reported in the previous studies from our group[282, 283]. To 
improve the proliferation rate of the cells, the hydrocortisone and epi-
dermal growth factor previously used in the medium were replaced 
with bovine serum albumin. In order to verify that epithelial properties 
had been preserved by the cells, TEM images were obtained that 
showed the presence of microvilli, tight junctions and desmosomes 
formed by the cells. In addition to electron microscopy findings, func-
tional tight junctions were detected by immunocytochemistry. Based 
on these findings it can be concluded that NCL-SG3 cells exhibit clas-
sic epithelial characteristics.  

The presence of CFTR in the NCL-SG3 cell line was investigated by ex-
ploring the ion transport properties of the cells by the MQAE fluorescence 
method and by detecting CFTR protein in these cells by two independent 
techniques: immunocytochemistry and flow cytometry.  

Cl- conductance of the NCL-SGC cell line was not increased by cAMP-
elevating agents, but it was stimulated by the nucleoside triphosphates ATP 
and UTP, with the former one having a significant effect. Our data are in 
agreement with findings reported by Wilson and co-workers[284] regarding 
a dose-dependent anion efflux in these cells evoked by ATP that appeared to 
be linked to increased intracellular concentrations of Ca2+. Indeed, increasing 
the intracellular Ca2+ concentration by adding Ca2+ ionophores led to in-
creased chloride efflux with values similar to those obtained after ATP expo-
sure. Although CFTR would be expected to be activated by increasing 
cAMP concentrations[285], its contribution cannot be ruled out solely on the 
absence of this property because the CFTR is known to be stimulated by 
external ATP in cAMP-independent manner in CFTR-transfected cells[286] 
and in the sweat duct cells[287]. An absence of the effect of a CFTR inhibi-
tor (CFTRinh-172), which was found to be a relatively specific CFTR 
blocker[11], on the rate of stimulated Cl- efflux makes a participation of 
CFTR unlikely.  

Immunocytochemistry showed no detectable CFTR in NCL-SG3 cells. It 
could be argued that the level of CFTR expression might be low. There is no 
agreement in the literature about CFTR level expression in epithelial cells in 
general, with some authors reporting the CFTR levels to be as low as 1-2 
copies of mRNA per cell[84, 288, 289], and some finding it to be endoge-
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nously high[290].  In order to exclude the possibility of the former situation 
and to quantify the amount of the protein expressed, flow cytometry was 
employed for CFTR detection. The flow cytometry findings confirmed that 
the protein is not expressed in NCL-SG3 cells in any detectable amount, 
which is in agreement with an earlier study where no CFTR mRNA was 
found by the Northern Blot technique[291]. 

The experimental results indicate that CFTR is neither expressed nor is it 
functioning in NCL-SG3 cells in spite of the cell line being a derivative of 
normal human eccrine sweat gland epithelium possessing CFTR.  Therefore 
other chloride channel or channels must be considered as the ones responsi-
ble for the efflux observed after stimulation with ATP, UTP and Ca2+ iono-
phore.  

A Ca2+-activated chloride channel is likely to be present in human sweat 
gland duct cells (Bell et al. 1992) as well as in NCL-SG3 cells[292, 293]. 
The apical membrane of other epithelia, for example of airway epithelial 
cells contains several Cl- channels besides CFTR. Those are Ca-activated 
chloride channel (CaCC), volume-regulated anion channels (VRACs), and 
voltage-gated Cl channels (CLC)[99]. Two of these channels can be acti-
vated by ATP. The activation of VRACs depends on the presence of intra-
cellular ATP[294, 295]. The same is true for CaCC, which is also character-
istically activated by cytosolic Ca2+, which is induced by stimulating cells 
with Ca2+-mobilizing agonists like ATP, or by Ca2+ ionophores. Differentia-
tion between these two types of channels is further complicated by the fact 
that the molecular identity remains unresolved for VRAC and CaCC[296, 
297]. Presently, the only approach available to rule in or out these groups of 
channels is to use pharmacological agents to determine the sensitivity of the 
Cl- ion current. The CaCC channel is blocked by DIDS and niflumic 
acid[296]. Unfortunately, none of these compounds are exclusively specific. 
Niflumic acid is reported to block VRACs channels too, at least in some 
cells[298] but at 10-fold higher concentration (100 �M). We observed an 
inhibition of the Cl- efflux at 20 �M niflumic acid that was not significantly 
changed by increasing the concentration to 100 �M. Therefore Cl- conduc-
tance is likely to be due to CaCC activation. To verify this finding the patch-
clamp technique would be useful in demonstrating the permeability sequence 
for I-, Br- and Cl- ions. The fact that gadolinium, a blocker of calcium chan-
nels[299] did not inhibit ATP-induced chloride efflux in NCL-SG3 cells 
does not contradict that Ca2+-activated chloride channels are responsible for 
the chloride efflux; it only indicates that uptake of Ca2+-ions from extracellu-
lar sources is not necessary for ATP to exert its effect. It is possible that ATP 
would liberate Ca2+ mainly from intracellular stores. 

The CaCC channel is of special interest to the study of cystic fibrosis, be-
cause this channel is proposed as an alternative target for cystic fibrosis ther-
apy which would allow bypassing the defective CFTR[122].  
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The NCL-SG3 cell line may be used to study chloride transport via alter-
native calcium-activated Cl channels, and for identifying the molecular iden-
tity of the channel or channels responsible for calcium-dependent conduc-
tance in sweat gland epithelium. 

5.5 Effects of corticosteroids and a leukotriene receptor 
antagonist on airway epithelial and endothelial cells 
(Paper V) 
Corticosteroids is the best long-term control medication for asthma (level A 
evidence) as they reduce the severity of symptoms, improve PEF and spri-
rometry, diminish airway hyperresponsiveness and prevent exacerba-
tions[300-305]. Which of these clinical effects are dependent on the specific 
anti-inflammatory action of corticosteroids is not yet clear[305].  
It is generally conceivable that glucocorticosteroids promote apoptosis 
of inflammatory cells and substantially reduce tissue eosinophilia[245, 
306].  As for the effect of steroids on the airway epithelial layer results 
reported are variable.  
 
Apoptosis and necrosis after treatment with corticosteroids and mon-
telukast 

Several reports have shown that corticosteroids promote apoptosis in air-
way epithelial cell lines. Dorscheid et al.[307] found a significant increase in 
apoptosis in cultured airway epithelial cells treated with dexamethasone, 
budesonide and beclomethasone. Corticosteroid-induced damage was pro-
posed as a contributing mechanism to chronic asthma airway remodeling and 
epithelial denudation[248]. While we observed the same magnitude of apop-
tosis (10-15% cells) as reported by Dorscheid et al.[307] with dexa-
methasone incubation, neither budesonide nor beclomethasone had an apop-
totic effect on 16HBE cells. We also found that the corticosteroid-induced 
apoptosis of airway epithelial cells could not be inhibited by ZVAD-fmk, 
which would imply that the apoptosis is independent of caspase-3, -4, or -7.  
In our experiments the sensitivity profile of submucosal cells was dif-
ferent from that of surface epithelial cells. Calu-3 cells were only sen-
sitive to budesonide, which caused increased apoptosis and necrosis in 
these cells after 24h incubation. According to Benayoun et al. [308], 
larger mucous glands in the biopsies from the asthma patients were 
associated with severe persistent asthma. Apoptosis limited to submu-
cosal cells may offer an advantage by preventing hypertrophy of the 
glands.  
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The balance of apoptosis and mucosal damage in vivo is less than clear as 
studies carried on biopsies from asthmatic patients report contradictory find-
ings. Some of these studies found increased mucosal thickness in patients 
receiving steroid treatment[309], increased numbers of ciliated airway cells 
and intraepithelial nerves in bronchial mucosa[310, 311], and decreased 
basement membrane thickness[312]. Other studies demonstrated corticoster-
oid-induced apoptosis in airway epithelium[248, 249] . 

The leukotriene receptor antagonist (LTRA) montelukast is known to 
promote apoptosis in eosinophils and lymphocytes[313, 314]. However, the 
effect of LTRA on apoptosis and necrosis of airway epithelial cells has to 
our knowledge not been studied. We demonstrated increased levels of apop-
tosis and necrosis in surface epithelial cells but not in submucosal gland cells 
after 24h of montelukast incubation. Studies on animal models of asthma 
found that montelukast treatment led to reduction of subepithelial collagen 
deposition and reversal of smooth muscle hypertrophy[315], decreased des-
quamation of epithelium in OVA-challenged mice[316], and decreased eosi-
nophil accumulation in the epithelial layer in guinea-pigs[317]. However, 
reports from a randomized study on asthma patients treated with montelukast 
and/or corticosteroids failed to show a change in eosinophil count or other 
markers of airway inflammation[318]. 
 
Effect on the desmosomes 

Proinflammatory cytokines such as TNF-� and IFN-	 play a central role 
in the initiation of epithelial damage in asthma[319]. Kampf et al.[320] 
showed that these cytokines caused a reduced expression of desmosomes, 
and Carayol et al.[321, 322] demonstrated that TNF- � reduced expression of 
other adhesion molecules such as E-cadherin, �-catenin and plakoglobin in 
airway epithelial cells. Our data confirm these effects of TNF-� and IFN-	, 
and we also demonstrated that this effect is inhibited by corticosteroids. This 
finding is in line with the findings of Carayol et al. [322]. 
 
ICAM expression 

Adhesion molecules play an important role in the inflammatory and repair 
processes of the bronchial epithelium and their expression can be induced by 
inflammatory stimuli. Vignola et al. [235] demonstrated increased spontane-
ous expression of ICAM-1 on epithelial cells obtained from bronchi of asth-
matic patients compared to normal subjects. In addition, the expression of 
ICAM correlated with the FEV1 values. Dexamethasone has previously been 
shown to repress both constitutive and stimulated ICAM-1 expression in the 
bronchial epithelial cell line NCI-H292[323]. We observed the same effect 
of dexamethasone, beclomethasone and budesonide in the 16HBE bronchial 
cell line, reinforcing the point that ICS likely causes decreased presence of 
ICAM in bronchial surface epithelium. The effect of montelukast on ICAM-
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1 has not been studied directly previously, but it has been shown that monte-
lukast inhibits cysteinyl leukotriene-induced eosinophil migration[324] and 
reduces the level of soluble ICAM-1 in plasma in asthmatics[325]. We show 
for the first time that montelukast reduces the expression of ICAM-1 in cul-
tured epithelial bronchial cells.  

However, in primary endothelial cells studied in the HUVEC cell line we 
discovered that the effect of corticosteroids and montelukast was the oppo-
site from of that observed in bronchial epithelial cells. Dexamethasone, be-
clomethasone, and montelukast significantly increased ICAM-1 expression 
in HUVEC cells after 24h of incubation. Our finding is contrary to that re-
ported by Polat et al. [326], who found a reduction of endothelial ICAM-1 
expression in dexamethasone-treated rats.  

There is supporting evidence that adhesion molecules (ICAM-1, E-
selectin and VCAM) in endothelial cells not only mediate highly specific 
interaction between circulating leukocytes and vascular endothelium but also 
participate in cell signaling[327-329]. Therefore, the interpretation of in-
creased ICAM expression is complex, as it may not only affect the migration 
of immune cells to lung parenchyma but also numerous cellular processes 
including apoptosis and redox state[330, 331]. In addition, lung microvascu-
lar and arterial endothelial cells differ in their responses to intercellular ad-
hesion molecule-1 ligation as demonstrated by Wang et al.[331] 
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Conclusions 

� Genistein is a potent activator of CFTR and delF508 CFTR in hu-
man respiratory epithelial cells at micromolar concentrations that 
might be achieved by a soy-rich diet and under those conditions 
PBA does not enhance the effect of genistein. 

 
� Treatment with GSNO normalizes Cl- efflux from the cells isolated 

from CF patients with the delF508-mutation; and the associated in-
crease in Cl- efflux found was in part due to CFTR maturation from 
respiratory epithelial cell lines with the delF508-CFTR mutation. 
This endogenous compound hence may be of value as a possible 
candidate to correct the basic defect in CF. 

 
� L-cysteine seems to influence GSNO uptake as well as its intracellu-

lar dynamics. A combination of GSNO with L-cysteine increases 
chloride transport in CFBE cells but effect is short-lived. 

 
� The NCL-SG3 cell line may be used to study chloride transport via 

alternative calcium-activated Cl channels, and for identifying the 
molecular identity of the channel or channels responsible for cal-
cium-dependent conductance in sweat gland epithelium. 

 
� Different airway constituent cells exhibit different sensitivity to cor-

ticosteroids with respect to inducing apoptosis and necrosis. Monte-
lukast showed increased level of apoptosis and necrosis in superfi-
cial epithelial airway cells. 

 
� The effect of dexamethasone, beclomethasone and montelukast on 

ICAM expression was about the same magnitude but in opposite di-
rection: increased in endothelial but decreased in epithelial cells.  All 
of the corticosteroids tested showed a protective effect on desmo-
somes.
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Sammanfattning pa svenska 

Den kloridkanal som finns i apikalmembranet av epitelceller, och som akti-
veras av cykliskt AMP (cAMP), och som kallas för CFTR (cystic fibrosis 
transmembrane conductance regulator (CFTR), är defekt hos patienter med 
cystisk fibros (CF). Omkring 90% av de CF-patienter som överlever nyfödd-
hetsperioden lider av kronisk lungsjukdom. Lungsjukdom är också den vik-
tigaste dödsorsaken för patienter med CF. För närvarande kan symptomen av 
sjukdomen behandlas med hjälp av antibiotika för att bestrida infektioner i 
lungan, och slemlösande medel för att underlätta avlägsnande av slem. Un-
der de senaster decennierna har denna typ av behandling och enzymbehand-
ling fördubblad den förväntade livslängden för CF-patienten, som är nu 
drygt 40 år. Forskningen koncentreras på olika aspekter av kloridtransporten 
för att hitta ett botemedel för sjukdomen. Möjliga sätt att behandla själva 
orsaken till sjukdomen är antingen att öka möjligheten av transportera klo-
ridjoner via CFTR eller att använda alternativa kloridkanaler. 

Genistein konstaterades kunna öka kloridtransporten som inte stimulera-
des av cAMP såväl i friska odlade luftvägsepitelceller som i celler med 
delF508-CFTR mutationen. Förbehandling med fenylbutyrat påverkade inte 
effekten av genistein på hastigheten av kloridutflödet. 

S-nitrosoglutathion (GSNO) är ett naturligt förekommande ämne som 
vidgar bronkerna, som finns i lägre koncentration än normalt i CF-
patienternas lungor. Man har funnit att GSNO ökar mognaden av CFTR. Vi 
undersökte effekten av GSNO på kloridtransport i primära celler från näs-
slemhinnan som togs från CF-patienter som var homozygota för delF508-
mutationen, samt i två CF-cellinjerna (CFBE och CFSME) både med en 
fluorescerande kloridindikator och med hjälp av röntgenmikroanalys. GSNO 
ökade utflödet av kloridjoner i de två CF-cellinjer och i primära nässlemhin-
neceller från CF-patienter. Denna effekt förmedlades i alla fall till en del 
genom CFTR. GSNO kan vara en kandidat för farmakologisk behandling av 
den defekta kloridtransporten i CF-slemhinneceller.Om cellerna utsattes för 
GSNO i kombination med L-cystein, stimulerades kloridutflödet redan efter 
5 minuter, men inte efter 4 timmar. 

Vi undersökte även kloridtransportegenskaperna av odlade NCL-SG3 
svettkörtelceller. CFTR uttrycktes inte och var inte heller funktionellt i dessa 
celler. Det kunde bekräftas att det fanns en Ca2+-beroende kloridkanal, och 
denna kanals farmakologiska egenskaper karaktäriserades. Denna NCL-SG3 
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cellinje kan användas för att undersöka egenskaperna av den Ca2+-beroende 
kloridkanalen och för att identifiera denna kanal. 

Det är känt att kortikosteroider, det vanligaste läkemedlet för behandling 
av astma, förorsakar celldöd (apoptos och nekros) i luftvägsepitelceller. Det 
finns nu en ny generation av läkemedel för astma, leukotrienreceptor-
antagonister, och det undersöktes om dessa läkemedel hade liknande effek-
ter. Såväl leukotrienreceptorantagonisten montelukast som steroiden dexa-
methason förorsakade celldöd i luftvägsepitelceller, men det gjorde inte ste-
roiderna beclomathason och budesonid. Montelukast och kortikosteroider 
förörsakade också ett ökat uttryck av den intercellulära adhesionsmolekylen 
(ICAM-1) i epitelceller, men inte i endotelceller (som bildar väggarna i 
blodkärl). 
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