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Cystic Fibrosis (CF) is the most common life-limiting autosomal recessive 
disease in Caucasians1. It is a multisystem disease that is mainly character-
ized by respiratory and gastro-intestinal manifestations. CF affects 1 in 3500 
live births in Caucasians but is much rarer in other populations2 whereas 
about 1 in 20 to 1 in 37 individuals are healthy carriers of the recessive 
gene3. Accurate data are lacking in Greece, however it is estimated that the 
number of patients is around 1000. The median age of death in the annual 
USA and European reports is below 30 years4,5. Due to the continuous and 
significant increase in survival, even though some decades ago CF patients 
did not reach adulthood, today about half of the CF population are adults6. 
The main cause of death in over 70% is respiratory failure4· however CF is 
not widely known to chest physicians who still consider it as a children’s 
disease and that may interfere with its optimum management.

CF is caused by mutations of a gene located on the long arm of chromo-
some 7 which encodes a 1,480 amino-acid protein. This protein is known as 
the cystic fibrosis conductance regulator (CFTR) and operates as a chloride 
and bicarbonate channel on the apical membrane of epithelial cells1. The 
defective function of the CFTR gene leads to an abnormal conductance of 
the chloride channel which is regulated by cAMP. It is noteworthy that 2000 
different mutations of the CFTR gene have been discovered so far some of 
which have an unknown impact7,8, and this number along with the effect 
of other genes lead to the different phenotypes of the disease. Mutations 
of the CFTR gene can be divided into 6 classes2,9: 
I. Total absence of CFTR synthesis 
II. Defective CFTR maturation and transportation to the cell surface 
III. Defective reaction and regulation of the protein- the open probability 

is reduced
IV. Reduced channel conductance due to abnormal CFTR
V. Reduced transcription due to abnormal conjunction to the endoplasmic 

reticulum resulting in reduced number of channels on the cell surface 
VI. Reduced stay of the channel on the cell surface.

As the CFTR mutation penetration is limited, the genotype cannot fully 
predict disease severity which is also regulated by other mutations and 
epithelial Na+ channel function (eNAC)10.

In the vast majority of patients which reaches 87.2% in Europe, CF is 
caused by class II mutations11. The relative frequency of the CFTR mutations 
varies between countries. The commonest mutation is Phe508del, which 
belongs in class II. The percentage of Phe508del in the alleles of different 
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European countries ranges from 23.77% in Israel to 81.97% 
in Denmark5 and is higher in Northern and Central Eu-
rope than in Southern Europe. It is estimated that a very 
high percentage of CF patients worldwide (up to 45%) 
are homozygous for this allele12. In addition a rarer class 
III mutation, G551D is quite common in Ireland (8.47%) 
but rare in Scandinavian countries and Southern Europe. 
In Greece, the percentage of Phe508del homozygotes is 
relatively low, about 28%5. Furthermore, Greece ranks 
first in the frequency of 3 out of the 15 commonest mu-
tations in Europe5. These two facts render our country 
quite unique in the distribution of different mutations 
and that has consequences in the management of the 
disease, as described below.

The discovery of the CFTR gene in 198913 raised hope 
for the definite cure of the disease by gene therapy which 
is based on the introduction of the normal CFTR gene 
by a vector into the abnormal CF epithelial cells2. Gene 
therapy would obviously have two basic advantages: 
dealing with the root of the disease and being effective 
in all patients irrespective of their mutation. However it 
soon became apparent that the route to CF cure was more 
difficult than initially anticipated. Gene therapy did not 
turn out to be as easy as once thought due to a number 
of reasons including the ability of the respiratory epithe-
lium to keep out foreign genetic material, the presence 
of viral vector receptors on the basolateral but not the 
apical membrane (where the CFTR is located) and the 
presence of antibodies2,14,15.

The current management of CF is situated on the op-
posite side of gene therapy and consists of management 
of symptoms. It includes enzyme replacement therapy, 
inhaled mucolytic and hyperosmolar solutions, antibiotics 
administered both systematically and by inhalation, airway 
clearance techniques, nutritional support and broncho-
dilators16. This multidisciplinary approach in the setting 
of organized CF centers has literally changed the natural 
course of the disease. This change is clearly indicated by 
the median predicted survival, which is the age that 50% 
of patients is expected to reach in a certain year. Based 
on the USA CF Foundation, median predicted survival 
was 28 years in the period 1986-1990 and 39 years in the 
period 2010-20144.  In addition the median age of death 
increased by 3 years in the last 15 years (4=CFF). Based on 
these facts it is realistic to assume that children with CF 
born today may actually reach the 5th-6th decade17. How-
ever current treatments are time-consuming, rendering 
the every-day life of CF patients extremely difficult while 
survival is still heavily compromised. 

In the recent years a new category of drugs called 
CFTR modulators have been introduced, thereby opening 
a new era in the treatment of CF. Modulators are aiming 
at the abnormal protein in contradiction to gene therapy 
which aims at the abnormal gene and current treatment 
which is dealing with CF symptoms1,2,18. In this setting 
treatment is individualized according to the CFTR defect, 
and the underlying mutation. Three new subcategories 
of per os drugs have been studied in this direction and 
involve the first 3 mutation classes:  
1. Agents that promote ribosomal readthrough of non-

sense mutations, such as ataluren
2. CFTR correctors which improve CFTR trafficking to 

the cell surface and its function, such as lumacaftor
3. CFTR potentiators which increase time of the open 

state of the channel that is already situated on the 
cell surface, such as ivacaftor1,2.
Ivacaftor, the first modulator that has been approved 

was considered the most important new drug of 20122. 
The initial phase II study19 showed improvement of lung 
function and of chloride transport both by nasal potential 
difference and sweat chloride concentration in patients 
with at least one copy of the G551D mutation. The re-
sults were confirmed by two phase III studies.  STRIVE20 
in patients above 12 years of age with an FEV1 40-90% 
and ENVISION21 in patients over 6 years old with an FEV1 
40-105% showed that in patients with at least one G551D 
allele ivacaftor resulted in improvement of sweat chloride 
concentration and pulmonary function within two weeks 
and also increase in body weight, improvement of qual-
ity of life and reduction of exacerbations. These results 
are sustained after prolonged use so that longer term 
effects become apparent, i.e. less frequent infection with 
P. aeruginosa, decrease in lung function decline, improve-
ment in glucose tolerance and in growth in children22,23.

Unfortunately ivacaftor is effective in a minority of 
patients. G551D is the most common class III mutation 
affecting 4% of patients24, whereas this percentage is 
even lower in Greece. In this mutation class the chan-
nel is located on the cell surface and with ivacaftor the 
time it is open increases resulting in adequate chloride 
transport. Ivacaftor is also indicated for other rarer class III 
mutations and one class IV mutation, R117H18,25. However 
administration of ivacaftor in Phe508del homozygous 
patients did not have positive results (DISCOVER26). This 
observation was rather anticipated since in this case 
folding and processing of the abnormal protein to the 
cell surface is problematic whereas ivacaftor improves 
channel function when it is already in its proper location. 
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Therefore only 7% of CF patients can actually benefit 
from ivacaftor and the percentage is lower in Greece18.

The attempt to restore channel processing to the 
cell surface in homozygous Phe508del patients led to 
lumacaftor, a corrector that in vitro improves Phe508del 
CFTR function. In the initial phase ΙΙa study lumacaftor 
resulted in a decrease of sweat chloride values but not in 
improvement of nasal potential difference or lung func-
tion27. Consequently a phase II study of co-administration 
of lumacaftor/ ivacaftor in homozygous or heterozygous 
Phe508del patients was designed in order to estimate the 
benefit of combined treatment28. A small but significant 
increase in FEV1 in homozygotes but not heterozygotes 
was observed. It should however be noted that the num-
ber of heterozygotes was small (27 patietns) and differ-
ent mutations were included. In any case this study was 
considered a mile stone in CF treatment as it showed that 
management of the basic defect in the most common CF 
mutation was possible.

As a consequence two phase III studies, TRANSPORT 
and TRAFFIC were performed with moderate results. After 
24 weeks of lumacaftor/ ivacaftor in 1108 homozygous 
Phe508del patients over 12 years of age with mean FEV1 

61%29 an improvement of FEV1 by 2.6-4% (primary end-
point) was observed. This small increase was observed 
in all patient groups regardless of age, lung disease 
severity, gender and chronic P. aeruginosa infection. In 
addition exacerbation rate was reduced by 30-39% and 
BMI improved. Lumacaftor/ ivacaftor was well tolerated 
and rate of discontinuation due to an adverse event was 
4.2% among patients who received the drugs versus 1.6% 
among those who received placebo.

Although improvement of pulmonary function in 
TRANSPORT and TRAFFIC was statistically significant, it 
was so small that its clinical relevance is doubtful. How-
ever reduction of exacerbation rate and BMI increase 
were considered adequate and the lumacaftor/ivacaftor 
combination was approved by the FDA on July 2nd, 2015 
for homozygous Phe508del patients over 12 years of age. 
Therefore the first modulator treatment for almost half 
the CF population worldwide is now available18. However 
the high cost of this treatment (around 300.000 dollars 
per year) raises important considerations regarding its 
availability30. In any case, approval of the lumacaftor/ 
ivacaftor combination opens a new era in CF treatment 
and several clinical studies with other correctors and 
potentiators are underway for homozygous and hetero-
zygous Phe508del patients18.

Regarding CFTR class I mutations which affect about 

10% of the CF population approval of another modulator 
is not far away1,2. In class I mutations, protein synthesis 
is terminated before it reaches its full length, due to a 
premature termination codon in mRNA. The first drugs 
used for this class were aminoglycosides (31=ισπ 18). 
However, toxicity and parenteral way of administration 
contributed to an unfavorable profile, while benefits were 
not universal32,33. A synthetic alternative is ataluren which 
has already been approved for patients with Duchenne 
muscular dystrophy due to a stop codon2,34. After phase 
II studies according to which ataluren was proven safe 
and well tolerated35-38, a phase III study was published in 
201439. This study included 238 patients with at least one 
class I mutation, aged over 6 years. No significant differ-
ence in pulmonary function or exacerbation rate between 
ataluren and placebo was observed. Nevertheless, in the 
subgroup not receiving inhaled tobramycin a statistically 
significant improvement of the above parameters was 
detected. The authors hypothesized that tobramycin 
may interfere with ataluren’s mechanism of action thus 
ataluren without co-administration of tobramycin is cur-
rently being studied in a new phase III study.

Introduction of modulators in the treatment of CF is 
a significant step forward for all inherited diseases for a 
number of reasons. First, modulators are directed at the 
immediate effects of the abnormal CFTR changing the 
channel function in a minority of patients who already 
hope for a much better quality of life and survival. Sec-
ond, they give a boost of optimism to the majority of the 
CF population while new combination approaches are 
underway. Third, they change the way of thinking in CF 
management based on personalized medicine. Finally, 
they prove that effective management of the genetic 
defect in CF is possible and hopefully new drugs and 
new strategies will be able to reverse the natural cause 
of the disease, rendering CF an inherited disease without 
a life-limiting outcome.

REFERENCES

1. Lane MA, Doe SJ. A new era in the treatment of cystic fibrosis. 
Clin Med 2014;14:76-8.

2. Bosch B, De Boeck KD. Searching for a cure for cystic fibrosis. A 
25-year quest in a nutshell. Eur J Pediatr 2016;175:1-8.

3. Quintana-Gallego E, Delgado-Pecellín I, Calero Acuña C. CFTR 
protein repair therapy in cystic fibrosis. Arch Bronconeumol 
2014;50:146-50.

4. Cystic Fibrosis Foundation Patient Registry. 2014 Annual Data 
Report. Bethesda, Maryland, 2015.

5. European Cystic Fibrosis Society Patient Registry. Annual data 



281PNEUMON Number 4, Vol. 29, October - December 2016

report (year 2013). Version 02.2016
6. Elborn JS, Bell CS, Madge SL et al. Report of the European Res-

piratory Society/European Cystic Fibrosis Society task force on 
the care of adults with cystic fibrosis. Eur Respir J 2016;47:420-8.

7. Cystic Fibrosis Mutation Database. www.genet.sickkids.on.ca/
8. Toronto, Cystic Fibrosis Centre at the Hospital for Sick Children. 

2015, Cystic fibrosis mutation database. Retrieved from: http:// 
www.genet.sickkids.on.ca/ app

9. Veit G, Avramescu RG, Chiang AN et al. From CFTR biology 
toward combinatorial pharmacotherapy: expanded classifica-
tion of cystic fibrosis mutations. Mol Biol Cell 2016;27:424-33.

10. Bhalla V, Hallows KR. Mechanisms of ENaC regulation and clinical 
implications. J Am Soc Nephrol 2008;19:1845-54.

11. De Boeck K, Zolinb A, Cuppens H, Olesend HV, Vivianib L. The 
relative frequency of CFTR mutation classes in European patients 
with cystic fibrosis. J Cyst Fibrosis 2014;13:403–9.

12. US CF Foundation, Johns Hopkins University, the Hospital for 
Sick Children. The clinical and functional translation of CFTR 
(CFTR2). 2011. (http://cftr2.org)

13. Rommens JM, Iannuzzi MC, Kerem B, et al. Identification of 
the cystic fibrosis gene: chromosome walking and jumping. 
Science 1989;245:1059–65.

14. Castellani S, Conese M. Lentiviral vectors and cystic fibrosis 
gene therapy. Viruses 2010;2:395–412.

15. Halbert CL, Standaert TA, Aitken ML, Alexander IE, Russell DW, 
Miller AD. Transduction by adeno-associated virus vectors in 
the rabbit airway: efficiency, persistence, and readministration. 
J Virol 1997;71:5932–41.

16. Mogayzel PJ Jr, Naureckas ET, Robinson KA, et al. Pulmonary 
Clinical Practice Guidelines Committee. Cystic fibrosis pulmo-
nary guidelines. Chronic medications for maintenance of lung 
health. Am J Respir Crit Care Med 2013;187:680-9.

17. Mackenzie T, Gifford A, Sabadosa K, et al. Longevity of patients 
with cystic fibrosis in 2000 to 2010 and beyond: survival analysis 
of the Cystic Fibrosis Foundation Patient Registry. Ann Intern 
Med 2014;161:233–41.

18. Kuk K, Taylor-Cousar J. Lumcaftor and ivacaftor in the manage-
ment of patients with cystic fibrosis: current evidence and future 
prospects. Ther Adv Respir Dis 2015;9:313-26.

19. Accurso F, Rowe S, Clancy J et al. Effect of Vx-770 in persons 
with cystic fibrosis and the G551D-CFTR mutation. N Engl J 
Med 2010;363:1991–2003.

20. Ramsey B, Davies J, McElvaney N et al. A CFTR potentiator in 
patients with cystic fibrosis and the G551D mutation. N Engl J 
Med 2011;365:1663–72.

21. Davies J, Wainwright C, Canny G et al. Efficacy and safety of 
ivacaftor in patients aged 6 to 11 years with cystic fibrosis with a 
G551D mutation. Am J Respir Crit Care Med 2013;187:1219–25.

22. Borowitz D, Lubarsky B, Wilschanski M et al. Nutritional Status 
Improved in Cystic Fibrosis Patients with the G551D Mutation 
After Treatment with Ivacaftor. Dig Dis Sci 2016;61:198-207.

23. Rowe SM, Heltshe SL, Gonska T, et al. Clinical mechanism of 
the cystic fibrosis transmembrane conductance regulator 
potentiator ivacaftor in G551D-mediated cystic fibrosis. Am J 

Respir Crit Care Med 2014;190:175–84.
24. Boyle M, De Boeck K. A new era in the treatment of cystic fi-

brosis: correction of the underlying CFTR defect. Lancet Respir 
Med 2013;1:158–63.

25. De Boeck K, Munck A, Walker S et al. Efficacy and safety of iva-
caftor in patients with cystic fibrosis and a non-G551D gating 
mutation. J Cyst Fibros 2014;13:674–80.

26. Flume P, Liou T, Borowitz D et al. Ivacaftor in subjects with cystic 
fibrosis who are homozygous for the F508del CFTR mutation. 
Chest 2012;142:718–24.

27. Clancy J, Rowe S, Accurso F, et al. Results of a phase IIa study 
of VX-809, an investigational CFTR Corrector compound, in 
subjects with cystic fibrosis homozygous for the F508del-CFTR 
mutation. Thorax 2012;67:12–8.

28. Boyle M, Bell S, Konstan, et al. A CFTR corrector (lumacaftor) and 
a CFTR potentiator  (ivacaftor) for treatment of patients with 
cystic fibrosis who have a phe508del CFTR mutation: a phase 2 
randomised controlled trial. Lancet Respir Med 2014;2: 527–38.

29. Wainwright CE, Elborn JS, Ramsey BW, et al. Lumacaftor-Ivacaftor 
in patients with cystic fibrosis homozygous for Phe508del CFTR. 
N Engl J Med 2015;16:220-31.

30. Rehman A, Ul-Ain Baloch N, Janachi IA. Lumacaftor-Ivacaftor in 
patients with cystic fibrosis homozygous for Phe508del CFTR. 
N Engl J Med 2015;373:1783.

31. Howard M, Frizzell RA, Bedwell DM. Aminoglycoside antibiotics 
restore CFTR function by overcoming premature stop muta-
tions. Nat Med 1996;2:467-69.

32. Clancy JP, Bebök Z, Ruiz F, King C, Jones J, Walker L. Evidence 
that systemic gentamicin suppresses premature stop muta-
tions in patients with cystic fibrosis. Am J Respir Crit Care Med 
2001;163:1683-92.

33. Sermet-Gaudelus I, Renouil M, Fajac A, Bidou L, Parbaille B, 
Pierrot S. In vitro prediction of stop-codon suppression by 
intravenous gentamicin in patients with cystic fibrosis: a pilot 
study. BMC Med 2007;5:5.

34. Aurino S, Nigro V. Readthrough strategies for stop codons in 
Duchenne muscular dystrophy. Acta Myol 206;25:5–12.

35. Sermet-Gaudelus I, Boeck KD, Casimir GJ, et al. Ataluren (PTC124) 
induces cystic fibrosis transmembrane conductance regulator 
protein expression and activity in children with nonsense muta-
tion cystic fibrosis. Am J Respir Crit Care Med 2010;182:1262–72. 

36. Clancy JP, Konstan MW, Rowe SM, et al. A Phase 2 study of 
PTC124 in cystic fibrosis patients harboring premature stop 
mutations. Pediatr Pulmonol 2006;40(Suppl29):301.

37. Kerem E, Hirawat S, Armoni S, et al. Effectiveness of PTC124 
treatment of cystic fibrosis caused by nonsense mutations: a 
prospective phase II trial. Lancet 2008;372:719–27.

38. Wilschanski M, Miller LL, Shoseyov D, et al. Chronic ataluren 
(PTC124) treatment of nonsense mutation cystic fibrosis. Eur 
Respir J 2011;38:59–69.

39. Kerem E, Konstan MW, De Boeck K, et al. A randomized placebo-
controlled trail of ataluren for the treatment of nonsense muta-
tion cystic fibrosis. Lancet Respir Med 2014;2:539-47.


