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A. Abstract

Introduction

Cystic Fibrosis (CF) is a multisystem, inherited disease caused by
defects of the cystic fibrosis transmembrane conductance regulator (CFTR)
protein. The last decade, CFTR modulators have radically changed CF

treatment.
Aim
The aim of this review is a systematic research of current evidence on

efficacy and safety of CFTR modulators in children with different mutations of
the CFTR protein.

Methods

Literature search was conducted in the PubMed, Cochrane Library and
ClinicalTrials.gov in order to identify randomized clinical trials (RCTs) assessing
the efficacy and safety of CFTR modulators in children that were published until
31 August 2020. References from the extracted studies were also manually

scanned for relevant articles.
Results

A final pool of 17 studies was included in the systematic review. Ivacaftor
(IVA) proved generally effective in children carrying a gating CFTR mutation,
but ineffective in homozygous for the Phe508del mutation and carriers of the
Argl17His allele. Lumacaftor (LUM) combined with ivacaftor have disputable
effectiveness in homozygous for the Phe508del mutation. Tezacaftor (TEZ)
together with IVA benefit children homozygous for the same mutation, but not
carriers of one Phe508del allele and one of a residual mutation. The most
effective combinations are VX-659/TEZ/IVA and elexacaftor(ELX)/TEZ/IVA in
children with at least one Phe508del mutation. All CFTR modulators proved

well-tolerated in children older than 12 months of age.
Conclusion

CFTR modulators are a promising treatment for children with CF. More

research is essential to assess the efficacy of the existing CFTR modulators in
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children younger than 6 years and develop new modulators that would be

effective in children with rare mutations.

A. MepiAnwn
Eicaywyn

H kuoTiKA ivwon €ival pia TTOAUCUOTAPATIKA KANPOVOWIKT) vOOOG TToU
ogpeiAeTal O€ diatapaxr TNG A€iIToupyiag TNG TTPWTEIVNG PUBUIOTA TG
dlapeuBpavikig aywyiudétnTag Tng KUoTIKAG ivwon (CFTR protein). Tnv
TeAeuTaia dekaeTia, ol pubuioTég TnG CFTR Tpwrteivng (CFTR modulators)

AAagav dpacTikG TN BepaTTeia TNG KUOTIKAG ivwong.
2TOX0G

O oT16x0¢ auTAG TNG BIBAIOYPAPIKAG AVAOKOTTNONG Eival N CUCTNPOTIKA
épeuva NG atroteAeopaTikOTNTAG Kal ac@daAeiag Twv CFTR modulators oTa

TTaIdIA pE BIaPOpPETIKES PETAANGEEIC TNG TTpwTEivng CFTR.
MéBodog

MpayuatotroinOnke BiBAloypa@ikr épeuva oOTIG PAocelg dedopévwv
PubMed, Cochrane Library and ClinicalTrials.gov, ge okoté Tnv TOUTOTTOINON
TUXAIOTTOINUEVWY KAIVIKWV HEAETWV TTOU AEIOAOYOUV TNV OTTOTEAECUATIKOTNTA
Kai Tnv ac@dAcia Twv CFTR modulators kai dnuooieutnkav €wg T 31
AuyouoTtou 2020. O1 BIBAIOYPOPIKEG AVOQPOPES TWV ETTIAEYMEVWV UEAETWV

agloAoynbnkav €TTiong yia OXETIKA dpbpa.
AtTroTeAEOUOTA

‘Evag  TENKOG apiBudg 17  peAeTwWv  OupTTEPIEANPONCOV  OTN
BiBAIoypa@ikr) avaokdtnon. To ivacaftor amodeixbnke yevik& atroTeAeoUATIKO
o€ TaIdId Qopeic HETAANGEEwWY TToU eTTnEEAlouv TN dpdon TNG TTPWTEIVNG WG
KavaAl, aAA& avattoteAeopaTiKO o€ oudluyoucg yia T Phe508del petdAAagn kai
@opeic Tou aAAnAiou Argl17His. To lumacaftor oe cuvduaoud ue TO ivacaftor
€XOUV ap@IoBNTACIUN aTTOTEAEOUATIKOTATA 0 Oouoluyous yia Tn Phe508del
METAAAaEN. To tezacaftor xopnyouuevo ue ivacaftor weeAei Ta TTaidid Tou givai

opoluya otnv TTpoavagepBeica PYeTANAAEN, aAAG OxI Ta TTaIdIG QOPEIG EVOg
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aAAnAiou Phe508del kal evog utrelBuvou yia UTTOAEITTOPEVN AgITOUpyia TNG
TpwTteivng. O1 O  OTTOTEAEOUATIKOI  ouvduaouoi €ival autoi Twv VX-
659/TEZ/IVA kai elexacaftor(ELX)/TEZ/IVA pe TOUAGXIOTOV Mia PETAAAAEN
Phe508del. OAol o1 CFTR modulators atmrodeixbnkav KaAd avekToi o€ TTaidid

NAIKIOG avw Twv 12 pnvwv.
2UNTTEPAC AT

O1 CFTR modulators gival pia utrooxopevn Bgpatreia yia Ta Taidid mou
TTAoXouv atrd KUOTIKA ivwon. Mepaitépw €peuva atraiTeital yia va agloAoynOei
N amoTeAeopaTikKOTNTA TWV KukAo@opouviwv CFTR modulators og tmaidid
MIKPOTEPO Twv 6 €Twv, oAA kal va avamtuxbouv véor modulators

ATTOTEAEOUATIKOI O€ TTAIOIA HOU QPEPOUV OTTAVIEG HETOAAAEEIG.
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B. Introduction

Cystic fibrosis (CF) is a multisystem disorder affecting children and
adults. It is the most common disease that follows autosomal recessive
inheritance in Caucasian populations and it is caused by numerous mutations
of the CF gene that encodes the cystic fibrosis transmembrane conductance
regulator (CFTR) protein.(1) This protein is an anion channel regulated by cyclic
adenosine monophosphate (CAMP) which is responsible for transportation of
chloride across the cellular membrane. CF gene is located on Chromosome 7.

There are six classes of mutations of CFTR protein which affect the
structure or function of the protein in different ways, first described in 1989.(2,
3) Class | mutations are responsible for complete lack of production of the
CFTR protein. Class Il mutations include the most common one (Phe508del)
and cause problems in protein maturation, misfolded forms of the protein and
early degradation. Nearly 90% of the patients carry at least one copy of the
Phe508del mutation, which originates from the absence of one phenylalanine
in 508" position of the CF protein. (4) Class Il mutations are called gating
mutations because they cause defective regulation and problems with the
opening of the ion channel and the most prevalent gating mutation is G551D.
About 4% of patients suffering from CF carry this mutation.(5) Class IV
mutations result in reduced conductance of chloride ions through the apical
membrane, as they affect the stability of the ion channel and one common
example of this category is Argl17His . Class V mutations are related with
reduced production of normal CFTR protein. Finally, the last class of mutations

(IV) accelerates channel turnover from the surface of the epithelial cells.(6)

CFTR protein is responsible for the conductance of chloride through the
upper membrane of epithelial cells of airways and exocrine glands, such as the
sweat glands, the pancreas and the biliary system. Defects of the CFTR protein
cause problems in secretion of chloride and reabsorption of sodium and water
through the upper membrane of the epithelial cells, resulting in viscous
secretions in the respiratory tract, gastrointestinal (Gl) tract and exocrine glands
that cannot be easily cleared. Inability to clear secretions from the respiratory

tract leads to recurrent infections of the airway which result in progressive lung
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disease. Early clinical manifestations in young children are bronchiolitis and
bronchitis. It is common to be infected from Staphylococcus Aureus,
Haemophilus Influenza or even Pseudomonada Aeruginosa from a very young
age (within the first month of life).(1) Recurrent infections from young age lead
to destruction of the airway and creation of bronchiectasis.

Other clinical manifestations are associated with the Gl tract and may be
obvious from neonatal age. In 15-20% of infants, obstruction of the ileum with
meconium can be seen (meconium ileus).(1) An uncommon clinical condition
IS meconium peritonitis in infants with CF. Approximately 85% of children with
CF have pancreatic insufficiency, resulting in malabsorption and failure to
thrive, which is treated with pancreatic enzyme replacement.(1) Viscous bile
may also lead to obstruction of the biliary ductules and finally obstructive

cirrhosis.

In addition, although male patients may be considered azzoospermic
due to failure of development of Wolffman duct structures, sexual function is
not affected. Furthermore, female patients usually face fertility issues

associated with chronic lung disease and malabsorption.(1)

The diagnosis of CF is based on specific criteria, which are the presence
of clinical manifestations from the respiratory, Gl or genitourinary tract or a
family history of a sibling who has CF or a positive nhewborn screening test in
conjunction with positive result in one of the following laboratory tests:
increased chloride concentration of sweat in two measurements who have
taken place in separate days, identification of two CF gene mutations or

abnormal measurement of nasal potential difference.

For many years, symptomatic treatment has been used in children
suffering from CF, aiming at clearing viscous secretions from the airways and
controlling pulmonary infections in order to prevent gradual airway destruction.
Classic treatments included human recombinant deoxyribonuclease (DNase)
and nebulized hypertonic saline combined with airway clearance therapy. An
integral part of the treatment is also the administration of antibiotics in order to
control progression of lung infection. Antibiotic therapy varies from some

courses of oral antibiotic therapy during pulmonary exacerbations to continuous
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prophylactic treatment with antibiotics. Patients colonized by Pseudomonada
aeruginosa may need aerosolised antibiotic therapy with tobramycin inhalation

solution.

The last few years an innovation in the treatment of CF has emerged
with the introduction of CFTR modulators. They consist a new category of
medical agents including correctors, which are small molecules capable of
improving processing and trafficking of CFTR to the cell membrane, and
potentiators that increase channel gating.(4) Nowadays there are four agents,
the correctors lumacaftor (LUM), tezacaftor (TEZ) and elexacaftor (ELX) and
the potentiator ivacaftor (IVA), which are approved by the Food and Drug
Administration (FDA).(7)

C. Methods

Selection criteria
The following inclusion criteria have been used:

e Publication date was before 31 August 2020

e Clinical Trials assessing the use of CFTR modulators

e They were designed as randomized control trials (RCT) or randomized,
placebo controlled, crossover trials

e The population under study was children suffering from CF

Studies were excluded from this review if they present one of the

following exclusion criteria:

e Reports in languages other than English
e In vitro trials

e Phase 1 trials

e Studies in animals

e Conference abstracts

e Pilot trials

e Retracted papers
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Search Methodology

This systematic review is performed in compliance with the guidelines of the
Cochrane Handbook for Systematic reviews(8) and reported in accordance with
the PRISMA statement.(9) Literature search was conducted on Pubmed and
Cochrane Library in order to find studies compatible with the inclusion criteria.
The search terms included ‘cystic fibrosis’, ‘CF’, ‘CFTR Modulators’, ‘cystic
fibrosis treatment’, ‘pediatrics’ and ‘children’. Titles and abstracts were
reviewed for eligibility by a single independent author. In possibly relative
studies, full texts were screened. The references of the retrieved papers were

manually scanned in order to find relevant studies.

Data Extraction

The full texts from the selected papers were manually scanned and data
retrieved. The following data were extracted Author's name, Date of
Publication, Population, Intervention, Duration, Primary and secondary

endpoints and Report of Adverse Events (AES).

D. Results

Study selection

The flow diagram of the systematic review is presented in Table 1. Last
literature search was conducted on 31 August 2020. Initially, 319 studies were
retrieved from database search and 33 from manually searching the relevant
references. Sixteen studies were removed as duplicates and 336 were scanned
to identify which were compliant with the inclusion criteria. Finally, 42 studies
met those criteria and full-text articles were assessed for eligibility. Through
meticulous search, 26 of these were excluded as some of them included adults,
some were in vitro trials or had design other than RCT. Sixteen articles meeting

the inclusion criteria were identified, including seventeen relevant studies.

Institutional Repository - Library & Information Centre - University of Thessaly
14/06/2024 05:00:22 EEST - 3.15.140.205



Records identified through Additional records identified
database searching through other sources
(n=319) (n=33)

Records after duplicates removed

(n=16)
Y
Records screened R Records excluded
(n=336) " (n =294)
\ 4
Full-text articles assessed Full-text articles excluded,
for eligibility \ with reasons (studies in
(n=42) adults, study design other
than RCT, in vitro trials)
(n=26)
Y

Articles included in
qualitative synthesis
(n=16)

Table 1 Flow chart of the literature search

Studies characteristics and outcomes assessed

All the studies are phase 2 and 3 clinical trials assessing the efficacy and
safety of CFTR modulators.(4, 5, 10-23) One study provides several treatment
arms and performs multiple analyses, thus making it difficult to extract definite
conclusions.(14) The patients included in the selected clinical trials are children
between 6 and 16 years old. No randomized clinical trials including patients
younger than 6 years old were identified through the search of the literature.
(Table 2)
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N=161

Age > 12 years old
Mutation: at least one
G551D allele

N=52

Age 6-11 years old
Mutation: at least one
G551D allele
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IVA 150mg
BID
Placebo

IVA 150mg
BID
Placebo

Change in ppFEV1 (week 48): 10.5%,
p<0.001

Change in ppFEV1 in patients < 18
years old (week 48): 11.4%, p=0.005
55% reduction in risk of pulmonary
exacerbation (week 48), p=0.001
Change in ST (week 48): -48.1mmol/I,
p<0.001

Change in weight (week 48): 2.7kg,
p<0.001

Change in CFQ-R score (week 48): 8.6,
p<0.001

Treatment difference in ppFEV1 (week
24): 12.5%, (95% Cl 6.6, 18.3, p<0.001)
Treatment difference in ppFEV1 (week
48): 10%, (95% Cl 4.5, 15.5, p<0.001)
Treatment difference in ST (week 48):  Randomized, double-
-54.3 mmol/I, p<0.0001 blind placebo-
Treatment difference in weight (week  controlled trial

48): 2.8kg, p<0.001

Treatment difference in CFQ-R score

(week 24): 6.1, p=0.109 >0.05

Randomized, double-
blind placebo-
controlled trial



e Treatment difference in LCI: -2.16,

e Placebo > (95% Cl -2.88, 1.44, p<0.0001)
Washout - e Treatment difference in ppFEV1:
.679 % Cl 2.34, 14.97, p=0.01
N=21 IVA 150mg 8.67%, (956.C 34, : 97, p=0.0103) Randomized, double-
Age > 6 years old BID e Treatment difference in ST: -47.51 Sfine] [ Eadhe:
. e |IVA150 mg mmol/l, (95% Cl -54.57, -40.44,
Mutation: at least one controlled crossover
G551D allele D= UL, trial
Washout = e Treatment difference in CFQ-R score:
Placebo 1.33, p=0.3796 >0.05
e Treatment difference in FEF259%-75%:
16.56%, (95% Cl -2.3, 27.71, p=0.0237)
e Treatment difference in ppFEV1 (week
8): 10.7%, (95% Cl 7.3, 14.1)
N=39 ) ,
e Treatment difference in ST (week 8): -
Age > 6 years old .
) 49.2 mmol/l, (95% Cl -57.0, -41.4, Randomized, double-
Mutation: at least one non- .
. . e |VA 150mg p<0.0001) blind placebo-
G551D gating mutation . . .
(G178R, S549N, S549R BID e Treatment difference in CFQ-R score controlled trial (8
’ 7 4 . 0, _
G551S, G970R, G1244E, e Placebo (week 8):9.6, (95% Cl 4.5, 14.7, Weeks)./ Open-label
p=0.0004) extension

S1251N, S1255P, or G1349D .
) e Change in BMI (week 8): 0.7 kg/m?,

(95% Cl 0.34, 0.99, p<0.0001)

N e Treatment difference in ppFEV1 (week Randomized, double-

Age > 6 vears old e IVA150mg 16): 1.7%, (95% Cl -0.6, 4.1, blind placebo-
Mgut;tio»;\' Homozygous for BID P=0.15>0.05) controlled trial (16
: U e Placebo e Treatment difference in ST (week 16):  weeks)/ open-label

the Phe508del mutation .
-2.9 mmol/Il, (95% Cl -5.6, -0.2, p=0.04) extension
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N=69
Age > 6 years old
Mutation: Arg117His

N=559

Age 2 12 years old
Mutation: Homozygous for
the Phe508del mutation
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IVA 150mg
BID
Placebo

LUM 600 mg
SID/IVA
250mg BID
Placebo
LUM 400 mg
BID/IVA
250mg BID

Treatment difference in ppFEV1 (6-11
years): -6.3%, (95% Cl -11.96, -0.71,
p=0.03)

Treatment difference in ST (6-11
years): -27.6 mmol/l, (95% Cl -37.16, -
18.10, p<0.0001)

Treatment difference in CFQ-R score
(6-11 years): -6.1, (95% Cl -15.68, 3.41,
p=0.19)

Treatment difference in BMI (6-11
years): -0.18 kg/m?, (95% Cl —2.38,
2.01, p=0.87)

Treatment difference in ppFEV1 (LUM
600 mg SID/IVA vs placebo): 4.03%,
(95% Cl 2.62, 5.44, P<0.001)
Treatment difference in ppFEV1 (LUM
400 mg BID/IVA vs placebo): 2.6%,
(95% Cl 1.18, 4.01, P=0.0003)
Treatment difference in BMI (LUM 600
mg SID/IVA vs placebo): 0.16 kg/m?,
(95% CI -0.04, 0.35, P=0.16)
Treatment difference in BMI (LUM 400
mg BID/IVA vs placebo): 0.13 kg/m?
(95% CI -0.07, 0.32, P=0.13)

Randomized, double-
blind placebo-
controlled trial

Two-phase
randomized, double-
blind placebo-
controlled trial



e LUM 600 mg
N=563 SID/IVA
250mg BID
Age > 12 years old
. Placebo
Mutation: Homozygous for LUM 400
the Phe508del mutation me
BID/IVA
250mg BID
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Treatment difference in CFQ-R score
(LUM 600 mg SID/IVA vs placebo):
3.88, (95% Cl 0.7, 7.05, p=0.0168)
Treatment difference in CFQ-R score
(LUM 400 mg BID/IVA vs placebo):
1.50, (95% Cl -1.69, 4.69, p=0.3569)
Treatment difference in ppFEV1 (LUM
600 mg SID/IVA vs placebo): 2.62%,
(95% Cl 1.18, 4.06, P=0.0004)
Treatment difference in ppFEV1 (LUM
400 mg BID/IVA vs placebo): 3.00%,
(95% Cl 1.56, 4.44, P<0.0001)
Treatment difference in BMI (LUM 600
mg SID/IVA vs placebo): 0.41 kg/m?,

(95% C(4, 5, 10-23)1 0.23, 0.59, Two-phase
P<0.0001) randomized, double-
' blind placebo-

Treatment difference in BMI (LUM 400
mg BID/IVA vs placebo): 0.36 kg/m?
(95% C1 0.17, 0.54, P=0.0001)
Treatment difference in CFQ-R score
(LUM 600 mg SID/IVA vs placebo):
2.21, (95% Cl -0.91, 5.33, p=0.1651)
Treatment difference in CFQ-R score
(LUM 400 mg BID/IVA vs placebo):
2.85, (95% Cl -0.27, 5.98, p=0.0736)

controlled trial



N=206

Age 6-11 years old
Mutation: Homozygous for
the Phe508del mutation

N=248

Age 2 12 years old
Mutation: Heterozygous for
the Phe508del mutation and
a second allele with residual
mutation
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LUM 200 mg
SID/IVA
250mg BID
Placebo

TEZ 100 mg
SID/IVA
150mg BID
IVA 150mg
BID
Placebo

Treatment difference in LCI: -1.1, (95%

Cl-1.4, -0.8, p<0.0001)

Treatment difference in ppFEV1 (week

24): 2.4%, (95% Cl 0.4, 4.4, p=0.0182)

Treatment difference in ST: -20.8

mmol/l, (95% Cl -23.4, -18.2, Randomized, double-
p<0.0001) blind placebo-
Treatment difference in CFQ-R score controlled trial

(week 24): 2.5, (95% Cl -0.1, 5.1,
p=0.0628)

Treatment difference in BMI (week
24): 0.1 kg/m?, (95% Cl -0.1, 0.3,
p=0.2522)

Treatment difference in ppFEV1 (IVA
vs placebo): 4.7%, (95% Cl 3.7, 5.8,
p<0.001)

Treatment difference in ppFEV1
(TEZ/IVA vs placebo): 6.8%, (95% ClI
5.7,7.8, p<0.001) blind placebo-
Treatment difference in ppFEV1 controlled crossover
(TEZ/IVA vs IVA): 2.1%, (95% Cl 1.2, trial

2.9, p<0.001)

Treatment difference in CFQ-R score

(IVA vs placebo): 9.7, (95% CI 7.2,

12.2, p<0.001)

Randomized, double-



N=510 e TEZ100 mg
Age > 12 years old SID/IVA
Mutation: Homozygous for 150mg BID
the Phe508del mutation e Placebo
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Treatment difference in CFQ-R score

(TEZ/IVA vs placebo): 11.1, (95% ClI

8.7, 13.6, p<0.001)

Treatment difference in CFQ-R score

(TEZ/IVA vs IVA): 1.4, (95% CI -1.0, 3.9,

p=0.26)

Treatment difference in ST (IVA vs

placebo): -4.5 mmol/Il, (95% CI -6.7, -

2.3)

Treatment difference in ST (TEZ/IVA vs

placebo): -9.5 mmol/Il, (95% CI -11.7, -

7.3)

Treatment difference in ST (TEZ/IVA vs

IVA): -5.1 mmol/l, (95% ClI -7.0, -3.1)

Treatment difference in ppFEV1 (week

24): 4.0%, (95% Cl 3.1, 4.8, p<0.001)

Treatment difference in ST: -10.1

mmol/l, (95% Cl -11.4, -8.8)

Treatment difference in CFQ-R score Randomized, double-
(week 24): 5.1, (95% CI 3.2, 7.0) blind placebo-
Treatment difference in BMI (week controlled parallel-
24): 0.06 kg/m?, (95% CI —0.08, 0.19, group trial
p=0.41)

35% lower risk of pulmonary

exacerbation in TEZ/IVA group

(p=0.005)



N=165

Age 2 12 years old
Mutation: Heterozygous for
the Phe508del mutation and
a minimal function mutation

N=385

Age > 12 years old
Mutation: Heterozygous for
the Phe508del mutation and
a minimal function mutation

N=116

Age 2 12 years old
Mutation: Homozygous for
the Phe508del mutation
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TEZ 100 mg
SID/IVA
150mg BID
Placebo

VX-659 240
mg SID/TEZ
100 mg
SID/IVA 150
mg BID
Placebo

VX-659 240mg
SID/TEZ
100mg

Treatment difference in ppFEV1 (week
12): 1.2%, (95% Cl -0.3, 2.6, p=0.12)
Treatment difference in ST: -3.5
mmol/l, (95% Cl -5.9, -1.2, p=0.0034)
Treatment difference in CFQ-R score:
2.1,(95% Cl -1.2, 5.4, p=0.21)
Treatment difference in BMI: -0.08
kg/m?, (95% C1-0.27, 0.11, p=0.38)

Treatment difference in ppFEV1 (week
24): 14.0%, (95% Cl 12.4, 15.7,
p<0.001)

RR (placebo: VX-659/TEZ/IVA) =0.14
(p<0.001)

Treatment difference in ST (week 24):
-44.6 mmol/l, (95% Cl -47.2, -41.9,
p<0.0001)

Treatment difference in CFQ-R score
(week 24): 20.1, (95% CI 17.2, 23.0,
p<0.0001)

Treatment difference in BMI (week
24):1.11 kg/m?, (95% CI1 0.91, 1.31,
p<0.0001)

Treatment difference in ppFEV1:
10.0%, (95% Cl 7.4, 12.5, p<0.0001)

Randomized, double-

blind placebo-
controlled trial

Randomized, double-
blind active-controlled

trial



N=131

Age > 12 years old
Mutation: Heterozygous for
the Phe508del mutation or
Phe508del/G551D

N=403 °
Age 2 12 years old

Mutation: Heterozygous for

the Phe508del mutation and

a minimal function mutation °
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SID/IVA 150
mg BID

TEZ 100mg
SID/IVA
150mg BID

TEZ 10-50 mg
SID/IVA 150
mg BID

TEZ 10-50 mg
SID

Placebo

ELX 200 mg
SID/TEZ 100
mg SID/IVA
150mg BID
Placebo

Treatment difference in ST: -48.7
mmol/l, (95% Cl -53.9, -43.5,
p<0.0001)

Treatment difference in CFQ-R score:
13.5, (95% Cl 8.8, 18.3, p<0.0001)

Treatment difference in ppFEV1 in

patients Phe508del/Phe508del (TEZ

100mg SID/IVA 150mg BID vs

placebo): 3.75%, (95% Cl 0.94, 683,

p<0.05)

Change in ST in patients Randomized, double-
Phe508del/Phe508del (TEZ 100mg SID  blind placebo-
/IVA 150 mg BID): -6.04 mmol/I controlled trial
(p<0.05)

Change in ST in patients

Phe508del/G551D (TEZ 100mg ID /IVA

150 mg BID): - 7.02 mmol/I (p<0.05)

Treatment difference in ppFEV1 (week
4): 13.8%, (95% Cl 12.1, 15.4, p<0.001)
Treatment difference in pulmonary
exacerbations (week 24): 0.37 (95% ClI
0.25, 0.55, p<0.001)

Treatment difference in ST (week 24):
-41.8 mmol/l, (95% Cl -44.4, -39.3,
p<0.001)

Randomized, double-
blind placebo-
controlled trial



N=113

Age > 12 years old
Mutation: Homozygous for
the Phe508del mutation

Table 2 Studies characteristics
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TEZ 100 mg
SID/IVA
150mg BID
ELX 200 mg
SID/TEZ 100
mg SID/IVA
150mg BID

Treatment difference in CFQ-R score
(week 24): 20.2, (95% CI 17.5, 23.0,
p<0.001)

Treatment difference in BMI (week
24): 1.04 kg/m?, (95% CI 0.85, 1.23,
p<0.001)

Treatment difference in ppFEV1:
10.0%, (95% Cl 7.4, 12.6, p<0.0001)
Treatment difference in ST: -45.1
mmol/l, (95% Cl -50.1, -40.1,
p<0.0001)

Treatment difference in CFQ-R score:

17.4, (95% Cl 11.8, 23.0, p<0.0001)

Randomized, double-
blind active-controlled
trial



The absolute change in percent predicted forced expiratory volume in
one second (ppFEV1) is evaluated in all the selected studies. Two studies
assess as primary outcome the absolute change in Lung Clearance Index
(LCI).(5, 20) As secondary endpoints in the extracted studies are evaluated:
absolute change in sweat chloride concentration, risk of pulmonary
exacerbation, change in anthropometric parameters and patient-reported
outcomes (PROs). PROs are evaluated using the revised cystic fibrosis

guestionnaire (CFQ-R) Respiratory domain score.

The dose of CFTR modulators in the studies is age and weight
depended. Interventions included in the studies are IVA, tezacaftor with
ivacaftor (TEZ/IVA), lumacaftor with ivacaftor (LUM/IVA),
elexacaftor/tezacaftor/ivacaftor (ELX/TEZ/IVA), VX-659/TEZ/IVA and placebo.

e Lung Function

IVA was the first CFTR modulator to be used in patients with CF.(24) In
a study comparing IVA with placebo in children aged 6-11 years old suffering
from CF and having at least one allele G551D, Davies et al. postulated that the
administration of IVA 150mg two times daily (BID) increases ppFEV1 by 10
points [95% Confidence Interval (Cl)=(4.5, 15.5), p<0.001].(12) Another
parameter also improved with IVA 150 mg BID in patients older than 6 years
with at least one allele G551D and predicted FEV1>90% was LCI.(5) In the
study of Ramsey et al., patients 12-18 years old also increased ppFEV1 by 11.4
points (p=0.005<0.05).(19) In addition, Boeck et al. proved that IVA 150mg BID
compared to placebo increased ppFEV1 by 10.7%, 95% CI=(7.3, 14.1) in
patients older than 6 years with at least one non-G551D gating mutation.(13)
On the other hand, one study published by Moss et al. reports that IVA 150mg
BID does not improve ppFEV1 in patients 6-11 years old with Arg117His-CFTR
mutation, a residual mutation, compared to placebo [treatment difference
through week 24: -6.3 points [95% CIl=(-11.96, -0.71), p=0.03 <0.05] (17).
Lastly, in a placebo-controlled trial involving patients older than 12 years old

homozygous for the most common CFTR-mutation, Phe508del, IVA alone
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shows no statistically significant improvement in ppFEV1 (absolute change in
ppFEV1: 1,7%, p=0.15>0.05).(15)

LUM 200mg once daily (SID)/IVA 250 mg BID has also been tested in
patients older than 12 and 6-11 years old homozygous for the Phe508del
mutation. In the first group Wainwright et al. reported statistically significant
improvement in ppFEV1.(23) In another phase 3 placebo-controlled clinical trial
in children 6-11 years old with the same genetic mutations, the improvement in
ppFEV1 with LUM/IVA was 2.4 points [95% CI=(0.4,4.4), p=0.0182<0.05] and
the absolute change in LCl was -1.1 [95% CI=(-1.4,-0.8), p=0.0001<0.05].(20)

Another treatment evaluated in patients with at least one allele of the
Phe508del mutation is TEZ/IVA. A placebo-controlled clinical trial assessing the
efficacy of TEZ 100mg SID and IVA 150mg BID in patients over 12,
heterozygous for the Phe508del mutation and a minimal function mutation,
reported no statistically significant improvement in ppFEV1.(18) A three-arm
placebo-controlled, two period, crossover trial comparing IVA and TEZ/IVA with
placebo in patients older than 12 years heterozygous for the same CFTR-
mutation and a residual function mutation reported that TEZ/IVA increases
ppFEV1 6.8 points[95% CI=(5.7,7.8), p<0.001].(21) Taylor-Cousar et al. also
reported significant improvement in FEV1 in patients older than 12 years
homozygous for the Phe508del mutation with the administration of
TEZ/IVA.(22) Donaldson et al. by conducting multiple comparisons between
groups receiving different doses of TEZ and IVA concluded that in patients with
two Phe508del alleles, TEZ 100mg SID/IVA 150mg BID increased ppFEV1 by
3.75% (p<0.05).(14)

Lastly, the triple combination ELX/TEZ/IVA in two studies was reported
to be effective in patients with at least one allele of Phe508del mutation. A
placebo-controlled trial in patients heterozygous for the Phe508del older than
12 years conducted by Middleton et al. reported significant improvement in
FEV1 at week 4 [+13.8 points, 95% Cl=(12.1,15.4), p<0.001].(4) Heijerman et
al. suggested an improvement by 10 points [95% CI=(7.4,12.6), p<0.0001] with
ELX/TEZ/IVA compared with TEZ/IVA in patients older than 12 years of age

homozygous for the Phe508del.(16) In two clinical trials including children
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homozygous for the Phe508del mutation older than 12 years of age, the
combination of VX-659/TEZ/IVA was reported to increase ppFEV1 significantly
compared with TEZ/IVA and placebo.(10, 11)

e Pulmonary exacerbations

Limited data have been retrieved regarding pulmonary exacerbations in
children with CF. Patients over 12 years old suffering from CF that have the
G551D mutation were in 55% lower risk of having a pulmonary exacerbation
when receiving IVA 150 mg BID compared to placebo (p=0.001).(19)
Wainwright et al. suggested 30-39% lower risk of pulmonary exacerbation in
patients homozygous for the Phe508del older than 12 years.(23) Children
homozygous for the Phe508del and older than 12 years had 63% lower rate of
pulmonary exacerbations with the triple therapy (ELX/TEZ/IVA) compared with
placebo (p<0.001).(4)

e Sweat chloride concentration
Ivacaftor

Sweat chloride concentration constitutes a relatively common secondary
outcome in clinical trials assessing the efficacy of CFTR modulators. IVA BID
administered in weight- and age-based dose significantly reduced sweat
chloride concentration in children older than 6 years with at least one allele of
Class Il gating mutations.(5, 12, 19) Respectively, in a placebo-controlled trial
in patients older than 6 years with at least one allele of non-G551D gating
mutation, IVA 150 mg bid reduced sweat chloride by -49.2 mmol/L [95% Cl=(-
57.0,-41.4), p<0.0001].(13)

In three clinical trials involving children 6-11 years and older than 12
years homozygous for the Phe508del mutation LUM/IVA at a dose adjusted by
age and weight was reported to reduce sweat chloride concentration by a

significant amount.(20, 23)

In two placebo-controlled clinical trials in patients older than 12 years
with one allele Phe508del and one of a minimal function mutation, TEZ 100mg
SID/IVA 150mg BID reduced sweat chloride by 3.5 mmol/L[95% CI=(-5.9, -1.2),
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p=0.0034<0.05] and 9.5 mmol/L[95% CI=(-11.7, -7.3)] respectively.(18, 21) In
children of the same age homozygous for the Phe508del allele the combination
of TEZ and IVA also reduced sweat chloride concentration significantly. (22)

The administration of ELX/TEZ/IVA significantly reduced sweat chloride
compared with both placebo and TEZ/IVA in heterozygous for the Phe508del

and a minimal function mutation older than 12 years.(4, 16)
e Anthropometric parameters

CF is associated with abnormal growth and weight gain in children. As a
result, it is important to examine the effect of CFTR modulators on body mass
index (BMI) and weight changes and their contribution to the improvement of

patients’ nutritional status.

In two placebo-controlled clinical trials involving patients with at least one
G551D mutation, children receiving IVA 150 mg BID gained statistically
significant weight during the treatment period.(12, 19) In a study published by
De Boeck et al., BMI increased by 0.7 kg/m? [95% CI=(0.34, 0.99), p<0.0001]
in children over 6 years with at least one non-G551D mutation receiving IVA
150mg BID compared to the placebo group.(13) On the contrary, children older
than 6 years carrying the Argll7His mutation did not show statistically

significant increase in BMI with IVA compared with placebo.(17)

In children 6-12 years old homozygous for the Phe508del mutation,
results about the change of BMI with LUM/IVA are controversial. Two clinical
trials reported not statistically significant increase and one a subtle but

statistically significant improvement.(20, 23)

TEZ/IVA in two placebo-controlled trials in patients heterozygous for the
Phe508del and a minimal function mutation and others homozygous for the
Phe508del, over 12 years of age, was reported not to increase BMI
significantly.(18, 22) On the other hand, the combination of VX-659/TEZ/IVA
was reported to improve BMI in children older than 12 years carrying one

Phe508del allele and one with a residual mutation.(11)
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Finally, triple therapy (ELX/TEZ/IVA) significantly increases BMI in
patients over 12 years with at least one allele Phe508del by 1.04 kg/m? [95%
Cl=(0.85, 1.23), p<0.0001].(4)

e CFQ-R Respiratory domain score

The CFQ-R score consists a secondary outcome calculated in trials
involving children older than 6 years of age. IVA 150 mg BID compared with
placebo in patients older than 12 years with at least one allele G551D improves
CFQ-R score by 8.6 points (p<0.001).(19) Patients with the same genetic profile
aged from 6 to 11 years old did not benefit from IVA.(5, 12) On the other hand,
children older than 6 years, with at least one non-G551D mutation present
statistically significant improvement in CFQ-R score with IVA.(13) Children
carrying one Argl17His allele did not report significant improvement of CFQ-R
score while taking IVA.(17)

LUM/IVA in children homozygous for the Phe508del mutation, between
6 and -11 years old, did not increase CFQ-R score compared to placebo.(20)

In older children with the same mutation results are controversial.(23)

Rowe et al. reported statistically significant improvement in CFQ-R score
comparing both IVA and TEZ/IVA with placebo in patients older than 12 years
baring one allele of Phe508del and one second allele with a CFTR mutation
with residual function. (21) In the same study, TEZ/IVA showed no statistically
significant increase in CFQ-R score versus IVA alone. Munck et al., in contrast,
reported no statistically significant change in CFQ-R score with TEZ/IVA
compared to placebo in another sample with same age and mutation.(18) In a
another placebo-controlled clinical trial, Taylor-Cousar et al. reported significant
improvement of this score in patients homozygous for the Phe508del allele at

least 12 years of age.(22)

The most significant improvement of CFQ-R score was observed with
ELX/TEZ/IVA in two studies involving patients older than 12 years homozygous
for the Phe508del mutation. The first reported an absolute change by 17.4
points [95% Cl= (11.8, 23.0), p<0.0001] with the triple therapy compared with
TEZ/IVA.(16) The second one is a placebo-controlled trial that reported an
absolute increase of 20.2 points at week 24 [95% Cl= (17.5, 23.0),

22

Institutional Repository - Library & Information Centre - University of Thessaly
14/06/2024 05:00:22 EEST - 3.15.140.205



p<0.0001].(4) In addition, the combination of VX-659/TEZ/IVA in children older
than 12 years carrying one allele of the Phe508del mutation and one with a
residual mutation was reported to increase CFQ-R score by 20.1 points [95%
Cl=(17.2, 23.0), p<0.0001].(11)

e Safety and reported Adverse events (AES)

IVA is generally safe and improves lung function in children with at least
one allele of gating mutations. The most common adverse events (AE) are mild
to moderate and related with the primary disease (CF).(5, 12, 13, 19)

The proportion of patients reporting AEs was similar in LUM/IVA and
placebo groups.(20) Serious adverse events leading to treatment
discontinuation were infective pulmonary exacerbations, elevation of AST and
ALT, gastroenteritis and ileus.(20) (23)

The most common AEs in clinical trials comparing TEZ/IVA with placebo
were infective pulmonary exacerbations, cough, fatigue, hemoptysis. These
clinical manifestations are associated with CF. There was no clinically
meaningful elevation in transaminase concentration. Moreover, no statistically
significant decrease in FEV1 within 2 to 4 hours after administration of TEZ/IVA
was observed.(18, 21, 25)

The discontinuation rate in trials with ELX/TEZ/IVA due to adverse
events was <1%.(4, 16) The triple therapy was related both with elevated
aminotransferase levels in 10.9% of the participants compared with placebo
(4.0%) and rash in 10.9% versus 6.5% in the placebo group. (4) Heijerman et
al. reported only two serious AEs (4%), which were rash and pulmonary

exacerbation.(16)

E. Discussion

IVA is generally effective in children with CF having at least one allele of
a gating mutation.(5, 12, 13, 19) On the contrary, it was not proved beneficial

in patients homozygous for the Phe508del mutation or a mutation with residual
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function, such as Argl117His.(15, 17) Ivacaftor is a potentiator that binds to the
CFTR protein and increases the transportation of chloride and water across
the cellular membrane.(12) The mechanism of its action justifies the need of
functioning CFTR protein production. As a result, it is not effective for patients
homozygous for the Phe508del mutation and other classes of mutations that

completely prevent CFTR protein’s production.

In patients with these genetic mutations, combination therapies have
been evaluated, including a potentiator (IVA) and a corrector (LUM or TEZ). In
patients older than 12 years homozygous for the Phe508del LUM/IVA was
reported to be effective.(23) Moreover, in children 6-11 years old with the same
mutation it reduced significantly LClI and ppFEV1.(20) On the contrary, an
observational study including patients over 10 years with Phe508del/Phe508del
genotype, suggested no improvement of ppFEV1 and BMI with LUM/IVA.(26)
However, significant reduction of pulmonary exacerbations and duration of

intravenous antibiotic therapy was observed.

The second combination of TEZ/IVA was reported ineffective in patients
heterozygous for the Phe508del mutation and a residual function mutation in
one placebo-controlled clinical trial, but effective in a second one.(18, 21) In
patients with two alleles of the Phe508del mutation has shown significant

effectiveness.(22)

Two combinations including three CFTR modulators have been under
research. Both VX-659/TEZ/IVA and ELX/TEZ/IVA were reported to be
effective in patients over 12 years with at least one allele of the Phe508del
mutation.(4, 10, 11, 16) Further research is essential to evaluate the efficacy
and safety of triple combinations in younger children that carry at least one
Phe508del allele.

CFTR modulators can also benefit other aspects of CF clinical
manifestations. Recently, a case report suggested the beneficial effect of IVA
in regaining pancreatic function, after long-term administration in a 10-year-old
child with pancreatic exocrine insufficiency.(27) The ARRIVAL study reported
significant improvements in biomarkers related with the pancreatic function

(lipase and amylase concentration) in children 12-24 months with a CFTR
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gating mutation.(28) IVA has been associated with improvements in several
growth variables, including linear growth, in prepubertal children carrying the
G551D mutation.(29)

Moreover, in a retrospective observational study of the United States CF
Foundation Patient Registry, IVA monotherapy was proved to increase
hemoglobin levels in carriers of the G551D-CFTR mutation, while the
combination LUM/IVA was correlated with increased hemoglobin levels in
carriers of the Phe508del allele.(30) Furthermore, CFTR modulators have an
impact on pathogen virulence, thus altering airway microbiology and protecting
patients against infections.(31, 32) In a retrospective cohort conducted by Singh
et al., it was postulated that patients taking LUM/IVA for CF or IVA alone had
significantly delayed colonization from Pseudomonas Aeruginosa and
Staphylococcus Aureus.(33) On the contrary, CFTR modulators do not interfere

with the core airway epithelium response in infections from rhinovirus.(34)

Additionally, some patients with residual function CFTR mutations have
a reduction in sweat chloride concentration with IVA. Among patients with
decreased sweat chloride, increased chloride in current human nasal
epithelium (HNE) cultures may be evident of clinical response to IVA.(35) On
top of that, female patients were proved to have larger reduction in sweat

chloride concentration with LUM/IVA compared with male patients.(36)

In three open-label single-arm clinical trials IVA was proved generally
safe and effective in children from 12 months to 5 years with at least one allele
of a gating mutation.(28, 37, 38) In one them published by Davies et al., IVA
administered in children 2-5 years old, with a gating mutation, at a dose
adjusted by age and weight, reported to be safe. However, raised concentration
of alanine transaminase (ALT) and aspartate transaminase (AST) was the only
serious AE, leading to study discontinuation. Five children (15%) had a rise in
AST and ALT greater than eight times the upper normal limit. All had a history
of elevated AST and ALT before study enrollment. Four of them discontinued
study treatment according to the protocol and transaminase concentrations
returned to normal.(37) Moreover, the ARRIVAL study suggested that 28% of
the patients 12-24 months old receiving IVA, demonstrated elevated AST, ALT
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or both.(28) For this reason, close follow-up is essential in young children

receiving this treatment.

An open-label phase Il study, published by Milla et al., in children 6-11
years old with two Phe508del alleles, reported improvement of lung function,
sweat chloride and nutritional status with the combination of lumacaftor and
ivacaftor, but not significant improvement in ppFEV1. (39) LUM/IVA was proved
by the same clinical trial to be associated with an increase of the
aminotransferase concentration by 19.3% and 15% by a second one involving
children 2-5 years.(39, 40) Another manifestation observed in children receiving
LUM/IVA was a significant drop of FEV1 after the first dose, which was only
partially restored after salbutamol inhalation.(41)

Two observational studies in patients older than 6 years with one G551D
allele and older than 10 years with an non-G551, confirmed long-term
effectiveness and safety of IVA in these groups.(42, 43) Data extracted from
United Kingdom and United States registries from 2011 to 2015 are consistent
with RCTs supporting the efficacy of IVA in patients with a G551D mutation.(44)
A retrospective cohort study of John Hopkins CF Center showed not significant
change in ppFEV1 with LUM/IVA during a surveillance period of 11months post
initiation and a relatively high rate of drug intolerance.(45) Evaluation of open-
label extended studies and retrospective observational studies involving
existing CFTR modulators is essential to assess the long-term benefits, efficacy

and safety in different age groups, races, genders and other characteristics.

Next-generation treatments are now under research. A triple
combination of a new corrector, VX-445, with TEZ and IVA demonstrated
significant improvement of the CFTR function in vitro in patients with one or two
Phe508del alleles.(46) This is a promising alternative treatment whose safety
and efficacy should be assessed in adults and children suffering from CF.
Moreover, another corrector, VX-659 combined with TEZ and IVA proved to be
effective in a randomized, controlled, double-blind in vitro clinical trial, using
human bronchial epithelial cells of patients with at least one Phe508del
allele.(47)
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Despite the radical change of CFTR treatment with the development of
CFTR modulators, there are very rare mutations that still cannot be treated.
R560S is one of those and belongs to class Il mutations. LUM and TEZ alone
or in combination proved to be ineffective in carriers of this mutation.(48) As a
result, further research is necessary in order to develop new modulators that
would be effective in rare mutations producing CFTR channels with complete

lack of function.

This systematic review has several limitations. It was conducted by a
single author that performed literature scan. History of CFTR modulators is not
long. The first one to be approved by FDA was ivacaftor in January 2012.(24)
RCTs evaluating the safety and efficacy of CFTR modulators in children are
limited and include children older than 6 years. There are no RCTs in the
literature including children younger than 6 years. Moreover, many of the
studies assessing safety and efficacy of the CFTR modulators in patients with
CF older than 12 years, do not stratify the population by age. As a result, the
age may turn up as a confounder, because results about children and adults
cannot be discriminated. Another limitation is that only three electronic
databases were scanned to collect studies relative to the subject. However, it

is not possible that important high-quality studies have not been evaluated.

The triple therapy has not been tested in children younger than 12 years,
which should be the one of the next research targets. There are patients with
nonsense mutations that cannot be benefited from the existing interventions.

As a result, the development of new treatments is necessary.

In conclusion, CFTR modulators have radically changed treatment of
patients with CF. Further research is necessary to confirm long-term safety and
efficacy of existing modulators. Additionally, more RCTs including children
younger than 6 years of age are necessary. To sum up, the development of
new CFTR modulators for patients carrying mutation that produce CFTR protein

with complete absence of normal function should be an area of future research.

27

Institutional Repository - Library & Information Centre - University of Thessaly
14/06/2024 05:00:22 EEST - 3.15.140.205



F. References

1. Kliegman R, Stanton B, St. Geme JW, Schor NF, Behrman RE, Nelson WE. Nelson
textbook of pediatrics. 2020.
2. Riordan JR, Rommens JM, Kerem B, Alon N, Rozmahel R, Grzelczak Z, et al.

Identification of the cystic fibrosis gene: cloning and characterization of complementary
DNA. Science. 1989;245(4922):1066-73.

3. Tsui LC. The cystic fibrosis transmembrane conductance regulator gene. Am J Respir
Crit Care Med. 1995;151(3 Pt 2):S47-53.
4, Middleton PG, Mall MA, Drevinek P, Lands LC, McKone EF, Polineni D, et al.

Elexacaftor-Tezacaftor-lvacaftor for Cystic Fibrosis with a Single Phe508del Allele. N Engl J
Med. 2019;381(19):1809-19.

5. Davies J, Sheridan H, Bell N, Cunningham S, Davis SD, Elborn JS, et al. Assessment of
clinical response to ivacaftor with lung clearance index in cystic fibrosis patients with a
G551D-CFTR mutation and preserved spirometry: a randomised controlled trial. Lancet
Respir Med. 2013;1(8):630-8.

6. Bitonti M, Fritts L, So TY. A Review on the Use of Cystic Fibrosis Transmembrane
Conductance Regulator Gene Modulators in Pediatric Patients. J Pediatr Health Care.
2019;33(3):356-64.

7. Egan ME. Cystic fibrosis transmembrane conductance receptor modulator therapy in
cystic fibrosis, an update. Curr Opin Pediatr. 2020;32(3):384-8.
8. Cumpston M, Li T, Page MJ, Chandler J, Welch VA, Higgins JP, et al. Updated

guidance for trusted systematic reviews: a new edition of the Cochrane Handbook for
Systematic Reviews of Interventions. Cochrane Database Syst Rev. 2019;10:ED000142.

9. Moher D, Liberati A, Tetzlaff J, Altman DG, Group P. Preferred reporting items for
systematic reviews and meta-analyses: the PRISMA statement. PLoS Med.
2009;6(7):€1000097.

10. (US). CgIBMNLoM. Identifier: NCT03460990, A Study of VX-659 Combination
Therapy in CF Subjects Homozygous for F508del (F/F). 2019 October 17, Available from:
https://clinicaltrials.gov/ct2/show/NCT03460990.

11. (US). CgIBMNLoM. Identifier: NCT03447249, A Phase 3 Study of VX-659 Combination
Therapy in Subjects With Cystic Fibrosis Heterozygous for the F508del Mutation and a
Minimal Function Mutation (F/MF). 2020 March 13, Available from:
https://clinicaltrials.gov/ct2/show/NCT03447249.

12. Davies JC, Wainwright CE, Canny GJ, Chilvers MA, Howenstine MS, Munck A, 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(11):1219-25.

13. De Boeck K, Munck A, Walker S, Faro A, Hiatt P, Gilmartin G, et al. Efficacy and safety
of ivacaftor in patients with cystic fibrosis and a non-G551D gating mutation. J Cyst Fibros.
2014;13(6):674-80.

14. Donaldson SH, Pilewski JM, Griese M, Cooke J, Viswanathan L, Tullis E, et al.
Tezacaftor/Ivacaftor in Subjects with Cystic Fibrosis and F508del/F508del-CFTR or
F508del/G551D-CFTR. Am J Respir Crit Care Med. 2018;197(2):214-24.

15. Flume PA, Liou TG, Borowitz DS, Li H, Yen K, Ordonez CL, et al. Ivacaftor in subjects
with cystic fibrosis who are homozygous for the F508del-CFTR mutation. Chest.
2012;142(3):718-24.

16. Heijerman HGM, McKone EF, Downey DG, Van Braeckel E, Rowe SM, Tullis E, et al.
Efficacy and safety of the elexacaftor plus tezacaftor plus ivacaftor combination regimen in
people with cystic fibrosis homozygous for the F508del mutation: a double-blind,
randomised, phase 3 trial. Lancet. 2019;394(10212):1940-8.

28

Institutional Repository - Library & Information Centre - University of Thessaly
14/06/2024 05:00:22 EEST - 3.15.140.205


https://clinicaltrials.gov/ct2/show/NCT03460990
https://clinicaltrials.gov/ct2/show/NCT03447249

17. Moss RB, Flume PA, Elborn JS, Cooke J, Rowe SM, McColley SA, et al. Efficacy and
safety of ivacaftor in patients with cystic fibrosis who have an Arg117His-CFTR mutation: a
double-blind, randomised controlled trial. Lancet Respir Med. 2015;3(7):524-33.

18. Munck A, Kerem E, Ellemunter H, Campbell D, Wang LT, Ahluwalia N, et al.
Tezacaftor/ivacaftor in people with cystic fibrosis heterozygous for minimal function CFTR
mutations. J Cyst Fibros. 2020.

19. Ramsey BW, Davies J, McElvaney NG, Tullis E, Bell SC, Drevinek P, et al. A CFTR
potentiator in patients with cystic fibrosis and the G551D mutation. N Engl J Med.
2011;365(18):1663-72.

20. Ratjen F, Hug C, Marigowda G, Tian S, Huang X, Stanojevic S, et al. Efficacy and safety
of lumacaftor and ivacaftor in patients aged 6-11 years with cystic fibrosis homozygous for
F508del-CFTR: a randomised, placebo-controlled phase 3 trial. Lancet Respir Med.
2017;5(7):557-67.

21. Rowe SM, Daines C, Ringshausen FC, Kerem E, Wilson J, Tullis E, et al. Tezacaftor-
Ivacaftor in Residual-Function Heterozygotes with Cystic Fibrosis. N Engl J Med.
2017;377(21):2024-35.

22. Taylor-Cousar JL, Munck A, McKone EF, van der Ent CK, Moeller A, Simard C, et al.
Tezacaftor-lvacaftor in Patients with Cystic Fibrosis Homozygous for Phe508del. N Engl J
Med. 2017;377(21):2013-23.

23. Wainwright CE, Elborn JS, Ramsey BW, Marigowda G, Huang X, Cipolli M, et al.
Lumacaftor-lvacaftor in Patients with Cystic Fibrosis Homozygous for Phe508del CFTR. N Engl
J Med. 2015;373(3):220-31.

24, Vertex Pharmaceuticals la. Kalydeco (ivacaftor) prescribing information. Boston.
Retrieved from https://pivrixcom/files/uspi_ivacaftorpdf. 2017a.

25. Walker S, Flume P, McNamara J, Solomon M, Chilvers M, Chmiel J, et al. A phase 3
study of tezacaftor in combination with ivacaftor in children aged 6 through 11years with
cystic fibrosis. J Cyst Fibros. 2019;18(5):708-13.

26. Diab-Caceres L, Giron-Moreno RM, Pastor-Sanz MT, Quintana-Gallego E, Delgado-
Pecellin |, Blanco-Aparicio M, et al. Compassionate Use of Lumacaftor/lvacaftor in Cystic
Fibrosis: Spanish Experience. Arch Bronconeumol. 2018;54(12):614-8.

27. Megalaa R, Gopalareddy V, Champion E, Goralski JL. Time for a gut check: Pancreatic
sufficiency resulting from CFTR modulator use. Pediatr Pulmonol. 2019;54(8):E16-E8.

28. Rosenfeld M, Wainwright CE, Higgins M, Wang LT, McKee C, Campbell D, et al.
Ivacaftor treatment of cystic fibrosis in children aged 12 to <24 months and with a CFTR
gating mutation (ARRIVAL): a phase 3 single-arm study. Lancet Respir Med. 2018;6(7):545-
53.

29. Stalvey MS, Pace J, Niknian M, Higgins MN, Tarn V, Davis J, et al. Growth in
Prepubertal Children With Cystic Fibrosis Treated With Ivacaftor. Pediatrics. 2017;139(2).
30. Gifford AH, Heltshe SL, Goss CH. CFTR Modulator Use Is Associated with Higher
Hemoglobin Levels in Individuals with Cystic Fibrosis. Ann Am Thorac Soc. 2019;16(3):331-
40.

31. Rogers GB, Taylor SL, Hoffman LR, Burr LD. The impact of CFTR modulator therapies
on CF airway microbiology. J Cyst Fibros. 2020;19(3):359-64.

32. Heltshe SL, Mayer-Hamblett N, Burns JL, Khan U, Baines A, Ramsey BW, et al.
Pseudomonas aeruginosa in cystic fibrosis patients with G551D-CFTR treated with ivacaftor.
Clin Infect Dis. 2015;60(5):703-12.

33. Singh SB, McLearn-Montz AJ, Milavetz F, Gates LK, Fox C, Murry LT, et al. Pathogen
acquisition in patients with cystic fibrosis receiving ivacaftor or lumacaftor/ivacaftor. Pediatr
Pulmonol. 2019;54(8):1200-8.

29

Institutional Repository - Library & Information Centre - University of Thessaly
14/06/2024 05:00:22 EEST - 3.15.140.205


https://pivrtxcom/files/uspi_ivacaftorpdf

34. De Jong E, Garratt LW, Looi K, Lee AHY, Ling KM, Smith ML, et al. Ivacaftor or
lumacaftor/ivacaftor treatment does not alter the core CF airway epithelial gene response to
rhinovirus. J Cyst Fibros. 2020.

35. McGarry ME, lllek B, Ly NP, Zlock L, Olshansky S, Moreno C, et al. In vivo and in vitro
ivacaftor response in cystic fibrosis patients with residual CFTR function: N-of-1 studies.
Pediatr Pulmonol. 2017;52(4):472-9.

36. Aalbers BL, Hofland RW, Bronsveld I, de Winter-de Groot KM, Arets HGM, de Kiviet
AC, et al. Females with cystic fibrosis have a larger decrease in sweat chloride in response to
lumacaftor/ivacaftor compared to males. J Cyst Fibros. 2020.

37. Davies JC, Cunningham S, Harris WT, Lapey A, Regelmann WE, Sawicki GS, et al.
Safety, pharmacokinetics, and pharmacodynamics of ivacaftor in patients aged 2-5 years
with cystic fibrosis and a CFTR gating mutation (KIWI): an open-label, single-arm study.
Lancet Respir Med. 2016;4(2):107-15.

38. Rosenfeld M, Cunningham S, Harris WT, Lapey A, Regelmann WE, Sawicki GS, et al.
An open-label extension study of ivacaftor in children with CF and a CFTR gating mutation
initiating treatment at age 2-5years (KLIMB). J Cyst Fibros. 2019;18(6):838-43.

39. Milla CE, Ratjen F, Marigowda G, Liu F, Waltz D, Rosenfeld M, et al.
Lumacaftor/Ivacaftor in Patients Aged 6-11 Years with Cystic Fibrosis and Homozygous for
F508del-CFTR. Am J Respir Crit Care Med. 2017;195(7):912-20.

40. McNamara JJ, McColley SA, Marigowda G, Liu F, Tian S, Owen CA, et al. Safety,
pharmacokinetics, and pharmacodynamics of lumacaftor and ivacaftor combination therapy
in children aged 2-5 years with cystic fibrosis homozygous for F508del-CFTR: an open-label
phase 3 study. Lancet Respir Med. 2019;7(4):325-35.

41. Labaste A, Ohlmann C, Mainguy C, Jubin V, Perceval M, Coutier L, et al. Real-life
acute lung function changes after lumacaftor/ivacaftor first administration in pediatric
patients with cystic fibrosis. J Cyst Fibros. 2017;16(6):709-12.

42. Hubert D, Dehillotte C, Munck A, David V, Baek J, Mely L, et al. Retrospective
observational study of French patients with cystic fibrosis and a Gly551Asp-CFTR mutation
after 1 and 2years of treatment with ivacaftor in a real-world setting. J Cyst Fibros.
2018;17(1):89-95.

43, Salvatore D, Carnovale V, lacotucci P, Braggion C, Castellani C, Cimino G, et al.
Effectivenesss of ivacaftor in severe cystic fibrosis patients and non-G551D gating mutations.
Pediatr Pulmonol. 2019;54(9):1398-403.

44, Volkova N, Moy K, Evans J, Campbell D, Tian S, Simard C, et al. Disease progression in
patients with cystic fibrosis treated with ivacaftor: Data from national US and UK registries. J
Cyst Fibros. 2020;19(1):68-79.

45, Jennings MT, Dezube R, Paranjape S, West NE, Hong G, Braun A, et al. An
Observational Study of Outcomes and Tolerances in Patients with Cystic Fibrosis Initiated on
Lumacaftor/lvacaftor. Ann Am Thorac Soc. 2017;14(11):1662-6.

46. Keating D, Marigowda G, Burr L, Daines C, Mall MA, McKone EF, et al. VX-445-
Tezacaftor-lvacaftor in Patients with Cystic Fibrosis and One or Two Phe508del Alleles. N
EnglJ Med. 2018;379(17):1612-20.

47. Davies JC, Moskowitz SM, Brown C, Horsley A, Mall MA, McKone EF, et al. VX-659-
Tezacaftor-lvacaftor in Patients with Cystic Fibrosis and One or Two Phe508del Alleles. N
EnglJ Med. 2018;379(17):1599-611.

48. Awatade NT, Ramalho S, Silva IAL, Felicio V, Botelho HM, de Poel E, et al. R560S: A
class Il CFTR mutation that is not rescued by current modulators. J Cyst Fibros.
2019;18(2):182-9.

30

Institutional Repository - Library & Information Centre - University of Thessaly
14/06/2024 05:00:22 EEST - 3.15.140.205



