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salt and bicarbonate metabolisms.

INTRODUCTION

Cystic fibrosis, also named mucoviscidosis, is an
autosomal recessive genetic disease (1), with a prev-
alence of 1 in 2,500 newborns and a carrier frequency
of 1 in 25 in the Caucasian population (2). It is the
most frequent hereditary pulmonary disease (3) and it
is produced by mutations in the CFTR gene, or
ABCC7 (OMIM # 602421) situated in the 7q31.2 lo-
cus (4), which encodes an anionic channel for chlo-
ride and bicarbonate (5) localized in the apical mem-
brane of the epithelial cells of more exocrine organs
(6). CFTR is involved in regulating the metabolism
of salt and bicarbonate (6,7).

Currently over 2,000 pathogenic mutations in the
CFTR gene are known (6), approximately 70% of
them consisting in the deletion of an aminoacid in the
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508 position of the protein (the mutation being called
F508del or, using the old adnotation, AF508), which
leads to the erroneous packaging of the protein, with
its subsequent destruction (8).

Pathogenic mutations in the CFTR gene lead to
the production of sweat with an increased content of
salt and viscous mucus, which accumulates in the
gastrointestinal tract, impairing the pancreatic func-
tion (through the obstruction of the pancreatic duct
which leades to the inability to secrete pancreatic en-
zymes and pancreatic hormones, which consequently
leads to the appearance of diabetes mellitus) or the
respiratory system (the accumulation of viscous mu-
cus leading to obstruction and inflammation of the
respiratory tract, this terrain favorizing the bacterial
colonization and progressive lung degradation) (6,9).
The fetuses with cystic fibrosis present intrauterine
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growth retardation, and, in the male fetuses, the con-
genital bilateral absence of the vas deferens can
sometimes be present (8). The mean age of survival
of the patients with cystic fibrosis which receive
medical care is, according to The CF Foundation Pa-
tient Registry, 47.7 years (6,10). The main cause of
mortality and morbidity of these patients is pulmo-
nary impairment (8,11).

The carriers of CFTR mutations have a natural re-
sistance to the cholera toxin and typhoid fever, as
Salmonella typhi uses the CFTR channel to enter the
cell. This phenomenon could explain the increased
frequency of the carriers in the general population

®).

THE STRUCTURE OF THE CFTR PROTEIN
AND TYPES OF MUTATIONS THAT CAN
OCCURIN THE CFTR GENE

The CFTR channel is a glycoprotein composed of
a lasso amino terminal domain (12), several trans-
membrane units which form two MSD domains
(membrane-spanning domains), namely MSD1 and
MSD2 (which assemble the walls of the channel,
their conformational changes leading to the channel’s
closing and opening) (12,13), an R domain, which,
when phosphorilated, determins the activation of the
CFTR channel (12-15), as well as two NBD domains
(nucleotide binding domain), namely NBD1 and
NBD2, which hydrolize ATP, controlling the closing
and opening of the CFTR channel (12,13).

After its synthesis, the CFTR protein is packed,
glycosilated at the level of the MSD2 domain and
transported on the surface of the cell (6,16).

According to the produced effect, the mutations
of the CFTR gene can be divided in six classes, adno-
tated, using Roman numerals, from 1 to 6 (17). Thus,
class I mutations, in which no functional CFTR pro-
tein is created (22% of the cases), are represented by
nonsense mutations, splice sites abnormalities or de-
letions. The mRNA produced by the genes with these
mutations is unstable and immediately degraded; an
example of class I mutations are the G542X, W1282X
or R553X mutations (6,16,17).

The transcription of genes with class II mutations
allows for the creation of a complete CFTR protein,
but due to errors in the packaging process, the CFTR
protein cannot reach the cell surface (88% of the cas-
es). Examples of class Il mutations are the F508del,
N1303K, I507del and R1066C mutations (6,16,17).

Class III mutations allow for the synthesis of a
complete CFTR protein which reaches the cell sur-
face, but the channel doesn’t open/ doesn’t open cor-
rectly (6% of the cases) — “gating mutations®; exam-
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ples of such mutations are the G551D, G178R and
G551S mutations (6,16,17).

Class IV mutations also allow for the synthesis of
a complete CFTR protein which reaches the cell sur-
face, but the channel doesn’t function correctly (6%
of the cases), and the quantity of transported chloride
is insufficient; examples of such mutations are
R334W, R347P and R1070W (6,17).

Class V mutations lead, as well, to the creation of
a functional, complete CFTR protein, which reaches
the cell surface, but it is produced in an insufficient
amount (5% of the cases). Examples of such muta-
tions are 3849+10kbC->T, 3272-26 A>G (6,16,17).

Class VI mutations allow for the production of a
complete, correctly localized CFTR protein, but the
protein has reduced stability and is rapidly degraded.
Examples of class VI mutations are 1811+1.6 kb
A>G, 4326del and 4279insTC (6,17).

MODULATORS USED IN THE TREATMENT
OF CYSTIC FIBROSIS

Currently, according to the type and position of
the mutation in the CFTR gene, approximately half
of the cystic fibrosis patients can benefit personalized
therapy (6,18), with the aid of modulators, substanc-
es which restore or improve the functionality and sta-
bility of CFTR (17). Based on their effect in modulat-
ing the expression and function of the CFTR protein,
the modulators are divided in 5 classes, namely: read-
through agents, potentiators, correctors, stabilizers
and amplifiers (17). The read-through agents pro-
mote the continuation of the translation in spite of a
stop-codon, with the subsequent production of a
complete CFTR protein; the potentiators restore or
preserve the conductibility of the CFTR channel,
maintaining it open to allow for the transport of chlo-
ride, while the correctors restore the correct packag-
ing and processing, as well as the proper transporta-
tion of CFTR towards the cell membrane (17).

The stabilizers have a role in correct anchoring of
CFTR in the plasma membrane, preventing its degra-
dation by the lysosomes, while the amplifiers in-
crease the expression of messenger RNA for CFTR,
thus increasing the quantity of produced protein (17).

Thus, for class I mutations — which lead to a sig-
nificant decrease in the quantity of produced CFTR
protein (6), for nonsense mutations which lead to the
apparition of premature stop codons and the coding
of a trunked protein, read through agents are used,
which supress the termination of the translation (pre-
venting the stoppage of the coding once the stop-co-
don is reached), together with inhibitors for the non-
sense-mediated decay (NMD) pathway, which has
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the role to detect and degrade messenger RNA con-
taining premature stop codons (6,9). In this regard,
aminoglycosides (such as, for example, gentamicin,
amikacin and, to a lesser degreee, tobramicin) which,
following the attachment to the A ribosomal situs,
lead to the inclusion of an alternative transfer RNA,
with the subsequent insertion of a random aminoacid
corresponding to the premature stop codon and, con-
sequently, the production of a complete and function-
al CFTR protein (9). The only disadvantage of the
aminoglycosides consists in the ototoxic and renal
side effects (11).

Another compound with the same mechanism of
action as the aminoglycosides is ataluren, with the
commercial name Translarna (9). Ataluren has not
proved the same benefic effects as in Duchenne mus-
cular dystrophy, therefore studies regarding its use as
a potential therapy have been stopped (11).

For the treatment of class I mutations, the combi-
nation ivacaftor (Kalydeco)/ataluren has been tested,
but according to a study from 2020 (19), it has not
proved to be efficient. Ivacaftor is a potentiator which
increases the length of the opening of the CFTR
channel in the cell membrane (20,21), thus correcting
the transport of chloride ions at this level (24). Nev-
ertheless, ivacaftor is used in patients with cystic fi-
brosis with the age over four months which have one
of the 97 mutations presented in the list from the ref-
erence (22).

For class II mutations, which consist in protein
folding defects, correctors (drugs that stimulate the
correct folding of CFTR so that it reaches the surface
of the cell) are being used, alone or in combination
with other modulators (9,16,18,19).

Thus, for the most common mutation responsible
of cystic fibrosis, namely the F508del mutation, a
combination of corrector and potentiator was suc-
cessfully used (11). The combination Lumacaftor/
ivacaftor, known as Orkambi, known under the com-
mercial name of Orkambi, was approved by FDA for
patients with ages over two years who are homozy-
gous for the F508del mutation (approximately 44%
of the patients with cystic fibrosis) (23). Lumacaftor
is a corrector that increases the quantity of CFTR in
the cell membrane (23). Orkambi significantly in-
creases the lung function and decreases the number
of pulmonary exacerbations (23).

Also for the treatment of biallelic F508del muta-
tions as well as another 154 mutations — presented in
the list from the reference (24), for patients over 6
years old, a combination of tezacaftor and ivacaftor,
called Symdeko, is being used. Symdeko improves
lung function and has the advantage of presenting
less drug interactions than Orkambi (23,24).
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In October 2019, FDA has approved Trikafta, a
triple combination of elexacaftor, ivacaftor and
tezacaftor, to treat patients with the F508del muta-
tion, this therapy being produced by Vertex Pharma-
ceuticals (25,26). The drug is meant for persons over
the age of 12 who have the F508del mutation in a
homozygous or heterozygous state, as well as pa-
tients having one of thel17 mutations responsive to
this drug, included in the list from the reference (27)
(25,27).

It has been shown that Trikafta significantly im-
proves the lung function and body mass index, im-
proves the level of chloride secreted in the sweat and
decreases the number of pulmonary exacerbations,
while a the same time having minor side effects, such
as erithema, an increase in the level of transaminases
and bilirubin, or flu-like symptoms — headache, diar-
rhea or rinitis (25). There is also a risk to develop
cataracts (25).

Elexacaftor is a new generation corrector of
CFTR, while tezacaftor, approved by FDA in February
2018, is a first generation corrector of the structure of
this protein (21,28). Elexacaftor facilitates the trans-
port of the protein towards the cell surface, with the
increase of the protein expression at this level (28),
while tezacaftor improves the cell processing of the
CFTR protein, modulaing its position in the plasma-
lemma (29). Thus, althogh they have different mech-
anisms of action (28), elexacaftor and tezacaftor act
synergically to increase the expression of CFTR in
the cell membrane (20). Taken separately, each of
these correctors improves the pulmonary function,
nutritional status and quality of life (28). It has been
shown that elexacaftor, tezacaftor and ivacaftor have
synergic effects, their combination being stronger
than other previously tested for cystic fibrosis treat-
ment corrector-potentiator combinations (30).

For class III (in which the protein reaches the cell
membrane, but an opening defect decreases its func-
tionality) and IV (in which the protein reaches the
surface of the cell, but a conduction defect leads to
impaired opening and a reduction of the functionali-
ty) mutations, potentiators — drugs which support the
opening of the CFTR channel and, thus, the increase
of the chloride transportation — are being used
(16,18,19).

Moreover, the modulation of other chloride
(SLC6A14, SLC6A9, ANO-1, TMEM16A) and so-
dium (ENaC, SLC9A3), hydrogen and potasium
(ATP12A) channels is being considered. This could
restore the volume of the fluid on the surface of the
respiratory tract, which is decreased in patients with
cystic fibrosis, thus impairing the clearance of res-
piratory secretions (12).
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Ivacaftor (Kalydeco) was approved by FDA (Food
and Drug Administration) in January 2012 (22) to
correct the G551D mutation (a class III mutation),
present in about 5% of the patients with cystic fibro-
sis, with the restitution of the functionality of CFTR
channel (11,22). This potentiator has proved an in-
crease with 10.5% of the FEVS (forced expiratory
volume in one second), a decrease of 55% of the pul-
monary exacerbations and an increase of the patients’
quality of life (11).

Furthermore, Ivacaftor was also approved for us-
age in patients with class IV mutations (ex.: Ar-
g117His), ensuring the maintainance of the residual
functionality of CFTR (11,22). Currently, Kalydeco
was approved for the treatment of 38 mutations, in
patients over 6 months (22).

Moreover, the combination of tezacaftor (correc-
tor) and ivacaftor (potentiator), called Symdeko, was
successfully used for the improvement of lung func-
tion in these patients (11). Nevertheless, its worth
mentioning that not all patients with elligible muta-
tions are responsive to the treatment (11).

So far, no therapy has been approved yet for pa-
tients with class V and VI mutations (18).

Another category of modulators are the stabiliz-
ers, substances which increase the lifespan of CFTR
by anchoring it to the cell membrane, preventing the
accelerated endocytosis and rapid distruction of
CFTR in the lysosomes (17). In this regard, studies
on cell lines with knock-out for CFTR have proven
that the administration of HGF (hepatocyte growth
factor) stabilizes CFTR in the cell membrane, HGF’s
effect being significantly amplified when in combi-
nation with lumacaftor (17).

Another stabilizer which seemed promising for
patients with biallelic F508del mutations was cavo-
sonstat, which promoted, in vitro, the stability of
CFTR in the cell membrane, by inhibiting S-nitroso-
glutathione. Nevertheless, in class II clinical trials
cavosonstat has not proved its efficiency in combina-
tion with lumacaftor/ivacaftor or just ivacaftor, and
the clinical studies of this stabilizer in cystic fibrosis
have been stopped (17).

Regarding the amplifiers, currently nesolicaftor is
being studied clinically, as it has proven its capacity
to increase the quantity of CFTR with certain muta-
tions, as well as, in combination with lumacaftor/iva-
caftor, to restaurate the necessary quantity of CFTR
in the cell membrane in cell lines with knock-out for
F508del (17).

Furthermore, combined with posenacaftor (cor-
rector) and dirocaftor (potentiator), nesolicaftor in-
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creases, on cell lines with knockout for F508del, the
chloride secretion up to a level which is very close to
normal levels. Currently, this combination is in phase
I/1I clinical studies (17).

GENE THERAPY FOR THE TREATMENT OF
CYSTIC FIBROSIS

Therapies involving splice sites are currently be-
ing developed, the target being decreasing the effi-
ciency of a donor or acceptor splice site, or creating a
new splice site in an intron using antisense oligonu-
cleotides (11).

Furthermore, genetic editing of certain mutations
using the CRISPR/Cas9 system has been successfully
attempted, both in the respiratory tract cells as well as
in certain cryptic splice sites at the intronic level (11).
In this regard, the effect of antisense oligonucleotides
is being studied (11). For example, studies on cell
lines and mice with knockout for F508del have proven
that eluforsen, a modified antisense oligonucleotide,
has the capacity to restore CFTR functionality (17). A
study on a small number of patients with cystic fibro-
sis caused by biallelic mutations F508del has shown
that this compound was well tolerated and has im-
proved these patients’ quality of life. In spite of the
significant side effects, currently the clinical trials for
this compound have been stopped (17).

Gene therapy using a cDNA for CFTR transgene
included in cationic lipid and viral vectors, among
which the adenovirus, administered in the respiratory
tract, has not proven to be efficient so far, either be-
cause the benefits of the therapy were below expecta-
tions, because of the transient effect of the insertion
of the gene in the respiratory tract, using adeno-asso-
ciated viruses, or because of the lack of succes in the
administration of the gene in the respiratory tract, us-
ing other viruses (11,16). The errors which appear in
the mRNA are corrected either by direct targeting of
mRNA, or by supplying mRNA at the cell level (31).

CONCLUSIONS

If in the last century, the prognosis for patients
with cystic fibrosis was a somber one, currently about
half of these patients can benefit personalized thera-
py according to the type and position of the mutation
they have in CFTR gene. The numerous studies in the
works will bring new therapies and offer, at the same
time, the hope that the diagnosis of cystic fibrosis
will no longer represent a sentence for these patients.
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