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Summary

Cystic Fibrosis (CF), a life-threatening hereditary disease prevalent among Caucasians, results from
mutations in the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) gene. This gene
encodes a chloride-conducting transmembrane channel crucial for ion transport across epithelial cells.
CFTR mutations lead to impaired expression and function of the channel, causing disrupted chloride
ion transport in secretory epithelia. Severe manifestations affect many organs, primarily the
respiratory system, with impaired mucociliary clearance and airway surface liquid dehydration,
leading to recurrent infections and high morbidity. The most common mutation, the deletion of
phenylalanine at position 508 (F508del), induces misfolding and retention of CFTR in the
endoplasmic reticulum, causing premature degradation. In airway epithelial cells, CFTR associates
with proteins in a macromolecular complex, and its channel activity and surface expression are
regulated by local signaling and recycling through endosomal compartments. The CFTR interactome
also includes lipids, such as cholesterol and sphingolipids, that play a significant role in stabilizing
CFTR within the cell membrane, particularly in specialized regions known as lipid rafts. In fact, the
ganglioside GML is an important bioactive sphingolipid that has been reported to play a crucial role
in the control of several plasma membrane (PM) proteins and its correlation with CFTR prompts
speculations about its possible role in the CFTR interactome. Despite therapeutic improvements that
extended CF patients' life expectancy, a cure remains elusive. Promising strategies involve CFTR-
modulators, such as correctors, enhancing CFTR biosynthesis and trafficking, and potentiators,
ameliorating mutated channel function. Treatment of patients having F508del mutation requires a
combination of correctors and potentiators. Indeed, recent advancements in therapy encompass the
triple combination Kaftrio (comprising two correctors, VX-661, VX-445, and a potentiator, VX-770)
as a pharmacological intervention for CF patients who have at least one F508del mutation in the
CFTR gene.

In my PhD project, | explored the impact of Kaftrio on the lipid composition of bronchial epithelial
cells expressing WT and F508del-CFTR. | found that it induced significant changes reducing LacCer
levels and increasing the content of GM1 and GD1a, respectively. The modifications were attributed
to the effect of Kaftrio on the activity of some enzymes related to sphingolipid metabolism, specially
the GM3 synthase and sialidase. Additionally, the administration of GM1, previously noted for
improving the rescue of F508del-CFTR with Orkambi (consisting of the corrector VX-809 and
potentiator VX-770), has also shown effectiveness with Kaftrio, mitigating the side effect of VX-770
on the stability of F508del-CFTR rescued at the cell surface by the correctors. This additive effect of
GML1 to Kaftrio was maintained also in the presence of Pseudomonas Aeruginosa infection. On the
other hand, | demonstrated that Kaftrio induces a further decrease of already reduced levels of
cholesterol in F508del-CFTR mutated cells. However, exogenously administering cholesterol, in
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particular with low-density-lipoprotein, | observed a cumulative effect of this lipid to the triple drug

combination on CFTR correction at the PM.

Understanding the CFTR interactome, including its interactions with lipids, is important for
unraveling the molecular mechanisms of cystic fibrosis and may provide insights into possible
therapeutic strategies given the ongoing challenge of developing new correctors and potentiators.
These findings highlight the potential of exogenous GM1 and cholesterol administration in restoring
plasma membrane properties conducive to CFTR correction, suggesting novel therapeutic approaches

to enhance the effectiveness of CFTR modulators in the treatment of the disease.
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Cystic Fibrosis

Cystic fibrosis (CF) is the most common inherited, life-limiting disorder in Caucasian population,
affecting approximately 1 in 2500-3500 newborns. It is an autosomal recessive disease, caused by
mutations in a gene which encodes for a transmembrane channel called cystic fibrosis
Transmembrane Conductance Regulator (CFTR). CFTR functions mainly as a chloride-ion channel
expressed across the apical membrane of epithelial cells of different organs. In CF, mutations in the
CFTR gene lead to reduced expression of the functional CFTR channels resulting in an impaired
chloride ion transport of secretory epithelia. Although CF is considered a multi-system disease,
influencing several areas of the body, for example airway, intestines, pancreas, Kidney, and sex
organs, the most severe manifestations occur in the respiratory system [1]. The defective chloride and
bicarbonate secretion, together with enhanced sodium absorption and mucus secretion, cause
insufficient osmotic pressure, increased absorption of water followed by dehydration of the airway
surface liquid, and diminished mucociliary clearance. Consequently, mucus accumulates on the
bronchial surface of epithelial cells promoting bacterial infections, inflammation, and impairment of
lung function, as forced expiratory volume in 1 second (FEV1) in CF patients is below 2,5 | (normal
range is between 2,5-4,5 I). In CF the main cause of morbidity and mortality is due to respiratory

failure and pulmonary insufficiency [2].

Despite the major improvements in the therapy of cystic fibrosis patients, which have extended
progressively life expectancy up to 50 years in developed countries, CF remains a major and

challenging health problem [3].

CFTR genetics

The first genetic analysis for cystic fibrosis dates back to 1946 when a recessive mutation was first
proposed as the cause of the disease, however, genetic linkage analysis for disease gene identification
was not broadly widespread until the early 1980s. In fact, early CF linkage and association studies
were conducted with polymorphic biochemical markers, like immunoglobulins, protein markers and
serum enzyme markers for genetic mapping and the gene responsible for the onset of CF was
identified in 1989 by positional cloning [4,5]. The number of sequence variants identified in the CFTR
gene has now exceeded 2100, although less than 200 have been definitively proven to cause the

disease.
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Belonging to the long arm of chromosome 7 (7931.3) and composed by 27 exons, the full-length
human CFTR gene consists of a 6129-base pair transcript, that encodes for a 1480-aa protein [4,6].
The total size of the CFTR transcription unit is ~216.7 kb. The predominant CFTR transcription start
site is as described in the original study by Rommens et al. [7], saying that CFTR transcription
mechanisms start from the same site, from the key promoter. However, there are also mechanisms of
alternative splicing that lead to the omission of certain exons. Some of these alternatively spliced

variants can give rise to a truncated CFTR protein with partial functionality [4,8].

Regarding the expression of CFTR, it was deeply analyzed both in humans and mice [6]. Of primary
importance, CFTR mRNA is constitutively expressed in the epithelia of the airway, sweat glands for
example in the pancreatic duct epithelium, and gastrointestinal tract starting from early development,
and it is maintained for the adult life [9]. However, the gene is also expressed in a wide range of other
cell types, such as in hypothalamic neurons, mucin secretory cells, gallbladder epithelia and Brunner
glands. Measurable levels of CFTR were detected in female and male reproductive tissues and organs
as well, like cervix, endometrium, and ovary, or epididymis and testis. Low and intermediate levels
of CFTR transcripts can also be found in the kidney, thyroid, and salivary glands [10]. The majority
of these sites of CFTR expression in the fetus are similar to those seen in adult tissues, with the
exception of the respiratory system. Although high levels of CFTR expression are found in the
epithelium of the airways in the fetal lung, epithelia of the lung contain relatively little CFTR mRNA
in the adults [9, 11]. On the contrary, CFTR expression in the submucosal gland becomes apparent
only after birth, making it undetectable in the fetus. In adult respiratory tissues, CFTR is primarily
expressed in the serous submucosal gland, emphasizing its crucial role in regulating mucus

production and fluid balance within the airways [11, 12].

The mechanisms controlling the complex expression pattern of CFTR are not completely understood.
Although the promoter plays a crucial role in the basal expression of CFTR by binding to transcription
factors, it alone cannot explain the tissue-specific regulation of its expression. Indeed, there are distal
cis or trans-acting regulatory elements which are critical regulators of this process. The CFTR
promoter is a housekeeping-type promoter; it is rich in CpG, without TATA box, and possesses
several putative Spl (specificity protein 1) and putative AP-1 (activator protein 1) binding sites, for
different transcription factors [13,14]. In addition, expression of CFTR appears to be dependent on
cellular oxygenation since it exhibits transcriptional repression during hypoxia, and it is regulated by
hormonal stimuli both in males and females. Also, several enhancers were characterized in the CFTR
locus that help transcription, for example the intron 1 enhancer is specific to the intestine and genital
duct [13].
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CFTR structure

CFTR, an integral membrane protein functioning as a phosphorylation- and nucleotide- regulated
conductance chloride channel, belongs to the family of ABC (ATP-binding cassette) transporters
[15]. It has the typical ABC transporter structure composed of two membrane spanning domains
(MSDs), each containing six transmembrane segments (TM1-6 and 7-12), four intracellular linkers
(ICL1-ICL4), two nucleotide binding domains (NBDs), and a regulatory domain (RD), as well as
long amino-terminal and carboxy-terminal extensions of about 80 and 30 residues in length [15,16].

In certain human ABC transporters, including CFTR, both MSDs and both NBDs are fused within a
single polypeptide chain, which spans at least 1100 amino acids in length, resulting in an effectively
heterodimeric functional organization. Whereas, the regulatory domain is approximately 240 residues
in length and inserted between NBD1 and MSD2. MSDs are composed of six transmembrane a-
helices, forming the channel pore for ions transport. Instead, NBD1 and NBD2 gate the chloride flow
across the channel through cycles of ATP binding and hydrolysis. NBD1 has an extra 35-residue
insertion, and NBD2 has an 80-residue extension at its end. These additional peptides may regulate
CFTR channel interaction with other cellular molecules. The four intra-cellular loops are predicted
to interact and transduce information between MSDs and NBDs. Regarding the regulatory domain, it
plays a central role in mediating the activation of CFTR by protein kinase A (PKA) regulation. It is
characterized by a series of phosphorylation sites (12 serine and 8 threonine) and is believed to act as

an integrator of PKA signaling and also signaling from some other physiological systems [17, 18].

A

i ==
) ).

Cytoplasm

Figure 1. CFTR protein structure.

A) CFTR protein composed of five domains, arranged from N- to C-terminus: MSD1-NBD1-R-MSD2-NBD?2;
two membrane spanning domains (MSD1, MSD?2) containing six-six transmembrane segments (TM1-12), two
nucleotide binding domains (NBD1, NBD2), four intracellular linkers (ICL1-1CL4), regulatory domain (RD).
B) Five domains packed together to form the channel pore. C) structural model for CFTR. Figure from [19].
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In contrast to the vast majority of members of the ABC family that function as ATP-dependent active
transporters, the main function of CFTR is to regulate a passive flux of anions, mainly chloride and
bicarbonate, throughout the plasma membrane (PM) [20]. Indeed, CFTR is positioned on the apical
surface of epithelial cells and serves as a pivotal element in a macromolecular signaling complex that
includes sodium and potassium channels, anion exchangers, transporters, as well as other regulator
proteins and molecules. As other chloride channels, CFTR plays a crucial role in the regulation of the
secretion of fluids and electrolytes across the epithelia. Upon activation, it allows chloride (ClI") to
exit passively from the cells [21]. Furthermore, CFTR has the capability to transport bicarbonate
(HCO3), with HCO3 transport being facilitated through a coupled Cl-dependent process [22, 23].

CFTR in the PM is present in three different possible status; open, closed, and open-ready. The open-
ready conformation does not permit chloride flux; nevertheless, it is poised for a rapid transition into
the open state in response to specific stimuli. CFTR activation by the cAMP pathway is well
established in the literature. Activation of the channel depends on PKA-dependent phosphorylation
of the RD, and intracellular availability of ATP [24]. The ATP switch model [25] can be described
in 4 steps; (1) The transport cycle is triggered by the binding of a substrate to its site on the MSDs,
which then promotes ATP-binding at the NBDs, leading to the formation of a closed, head-to-tail
sandwich heterodimer. (2) ATP-dependent dimerization of the NBDs induces conformational
changes in the MSDs via NBD-MSD coupling helices that open the channel gate to release the bound
substrate. (3) ATP hydrolysis undermines the NBD closed dimer and leads to the closing of the
channel. (4) Sequential release of inorganic phosphate and ADP from the NBDs restore the protein
to its basic, inward-facing conformation, and the non-phosphorylated RD inhibits again CFTR
channel activity by blocking heterodimerization. The duration of the CFTR gating cycle,
approximately 1 second, closely aligns with the ATP turnover rate. However, non-hydrolysable ATP

analogues have been shown to prolong channel openings [24, 25].

CFTR activity can also be regulated by protein kinase C (PKC) as consensus sites for PKC-
phosphorylation on CFTR were observed [26]. PKC facilitate PKA stimulation of open probability
of the channel without increasing the number of functional channels [27]. Moreover, cGMP-
dependent protein kinases (PKG or cGK) were also shown to phosphorylate CFTR [28]. More
recently, evidence has proved that CFTR can be activated also in the absence of PKA stimulation, by
increasing the intracellular calcium levels [29]. Indeed, calmodulin, the major calcium signaling
molecule, was found to bind to the non-phosphorylated RD’s a-helices leading to channel activation.
Nevertheless, calmodulin binding inhibits phosphorylation by PKA and PKA phosphorylation
inhibits calmodulin binding. This results in a complex interconnection in which PKA phosphorylation

can synergize with the activating effects of calcium on CFTR or separate CFTR from calcium
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activation [30]. In addition, CFTR activity is likely regulated by a large number of other proteins,
including PDZ-interacting proteins and STAS (antisigma factor antagonist) domain interactors [31].

CFTR biosynthesis

CFTR is a multi-domain glycoprotein of which biosynthesis, maturation and function as a chloride
ion channel involve multi-level post-translational modifications and complex folding processes to

reach its native, tertiary conformation [32].

CFTR biosynthesis begins in the endoplasmic reticulum (ER) with the folding of the cytosolic
domains, towards the acquisition of a fully folded native structure. CFTR folding is presumed to be
co-translational, with individual domains folding independently before forming inter-domain
interactions during synthesis. This process leads to the creation of a fully functional chloride channel.
[33]. Folding of the protein starts early during its translation in the ER, however, takes place in
multiple cellular compartments along the secretory pathway (Figure 2). The ER quality control
system assesses this process, permitting the exit of correctly folded proteins while targeting unfolded
or misfolded CFTR to ER-associated degradation (ERAD). A mere 20-40% of nascent chains
successfully attain a folded conformation, with the remaining molecules being directed for
degradation, either through the endoplasmic reticulum, lysosomes, or autophagy [32]. In the ER and
cytoplasm, chaperons control the folding of CFTR, such as Calnexin, Aha, and HSP40/70/90. For the
protein to leave the ER, both inter, and intra-domain foldings are required [24].

After proper folding, CFTR can move from the ER to the Golgi-apparatus via COPII vesicles where
the glycan moieties are processed. Mature CFTR remains stable for 16-24 hours in post-Golgi
compartments before undergoing further trafficking to the PM, where its level is determined by a
dynamic equilibrium involving membrane delivery, endocytosis, and recycling processes. Indeed, the
PM provides the final stages of CFTR maturation, as the protein takes part in an interactome, together
with members of Rab and Rho families, or GTPase and cytoskeleton proteins, such as the PDZ-
interacting NHERF-1 [34, 35].

13
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AsARSE

Figure 2. Successive steps of CFTR biosynthesis, trafficking, and degradation.

Figure adapted from [32].

The N-linked glycosylations in the 4™ extracellular linker (ECL) at residues 894 and 900, recognized
by calnexin which is part of the checkpoint that allows CFTR to proceed to the Golgi, serve as markers
for the correct and mature form of CFTR. Complete glycosylation is considered an indicator of the
folded state of CFTR, although it has been demonstrated to be unnecessary for plasma membrane
localization or channel function [24]. In fact, CFTR undergoes post-translational modifications, like
glycosylation, palmitoylation, methylation and phosphorylation, that are important for its correct

folding, stability, and biological activity [36, 37].

CFTR interactors and microenvironment

CFTR at the apical surface of the plasma membrane is associated not just with proteins, but also with
lipids in a macromolecular complex (Figure 3), and its channel activity and surface expression are

regulated by local signaling and recycling through endosomal compartments.
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However, regulation of CFTR at the PM is a complex process that involves, on one side the
modulation of CFTR CI" channel activity, and on the other, the CFTR membrane levels. Channel
activity is regulated both at N- and C-terminus of CFTR by PDZ proteins, such as NHERF-1 and
CAL (CFTR associated ligand), by protein kinases, and by the other scaffolding protein of CFTR,
Ezrin. Indeed, Ezrin, an A-kinase anchoring protein, tethers PKA in the proximity of CFTR allowing
cAMP-dependent control of chloride efflux [38]. Instead, level of CFTR at the PM is regulated by
endocytosis in clathrin-coated vesicles, followed by either recycling to the PM or targeting for
lysosomal degradation. These trafficking events at the PM are controlled by multiple protein
interactors, including Rab GTPases, Rme-1 and myosins, as well as some protein kinases, like spleen

tyrosine kinase or lemur tyrosine kinase 2 [39].

Moreover, several papers reported that the second messenger CAMP has a role in regulating CFTR
PM stability. Intracellular cAMP impact is mediated by cAMP dependent PKA, which directly
phosphorylates CFTR's R domain. Interestingly, a family of guanine nucleotide-exchange factors,
called EPACs, have also been discovered to respond to CAMP levels, however, they do not lead to
PKA activation [39]. On the other hand, EPACL activation is reported to stabilize CFTR at the PM,
therefore, these data indicate that CAMP signaling regulates CFTR through two different but
complementary pathways, mediated by PKA and EPAC1 [40].

Interactions with other proteins are fundamental for CFTR function and channel activity,
nevertheless, also membrane lipids are crucial in regulating CFTR's life cycle. In particular, a
bioactive group of lipids, the sphingolipids, and cholesterol are important for the stabilization of
CFTR in highly restricted membrane domains, called lipid rafts [41,42]. It has been proved that in
bronchial epithelial cells the lack of CFTR in the PM, such as in the case of the patients carrying the
mutation F508del (the mutation with highest frequency), is associated with a decreased content of the
sphingolipid monosialo-ganglioside GM1 [43], suggesting a direct correlation between CFTR
expression and this ganglioside. Indeed, CFTR was reported to reside in the same PM
microenvironment as the GM1, making this ganglioside its interactor [41,42]. Another important lipid
in the CFTR microenvironment is the cholesterol. Recent works indicate a dependence of CFTR
dynamics and distribution on cholesterol levels [44], describing how its reduction induces an
increased mobility of CFTR at the PM with a consequent negative effect on the stability of the
channel. On the contrary, increasing the cholesterol content at the PM ameliorates the activity of
CFTR and increases its confinement in membrane domains [45, 46]. Moreover, an important role of

sphingomyelin for the regulation of CFTR activity was also suggested [39].
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Figure 3. CFTR regulation and interactions.

Figure modified from [19].

Cystic Fibrosis epidemiology

Cystic fibrosis is categorized as a rare disease, nonetheless, it is the most common life-threatening
autosomal recessive disorder, and despite its highest prevalence among Caucasians, it is considered
a pan-ethnic condition. The estimated incidence rate of CF varies between countries and territories;
in the U.S. it is approximately 1 in 1000, data similar also in the U.K. and Canada, whereas, it is lower
across the European Union, 1 in 2000/3000, and it is thought to be under-diagnosed, due to a lack of

registries and newborn screening programs, for example in Latin-America, Asia and Africa [47].

More than 160,000 people were estimated to be living with CF globally, exhibiting geographical
heterogeneity [48], with the highest prevalence observed in Europe, North America, and Australia.
Nevertheless, epidemiological changes have occurred both in the incidence of CF, which seems to be

decreasing in most countries, and in the survival of CF patients, which has greatly improved [49].
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Given that the disease has a genetic nature, cystic fibrosis epidemiology is specific to a wide range
of factors, like race, gender, and age. Despite affecting both male and female individuals equally,
female patients with CF generally exhibit a shorter life expectancy than their male counterparts, often
attributed to an earlier onset of respiratory infections. Nonetheless, because of the implementation of
newborn screening, most of the CF diagnoses occur before a child reaches 2 years of age. Indeed, age
at diagnosis has an impact on disease outcomes, with earlier diagnoses resulting in improved survival

rates. Moreover, nowadays, the estimated median age of survival is close to 50 years [47, 49, 50].

Apart from the heterogeneity in the landscape distribution, there is a great variability in the clinical
manifestations of CF as well. Some patients may have all the classical features of CF from infancy
and have a relatively poor prognosis, while others have much milder or even atypical disease
manifestations and still carry mutations on each of the CFTR genes. The majority of patients
experience classic or typical CF, marked by one or more phenotypic features and a sweat chloride
concentration exceeding 60 mmol/L. They may exhibit either exocrine pancreatic insufficiency or
sufficiency. The disease can present as severe with a rapid progression of symptoms or as milder with
less deterioration over time. Mortality in classic CF patients is primarily attributed to progressive
respiratory disease. Whereas non-classic or atypical CF encompasses individuals with at least one CF
phenotypic characteristic and a sweat chloride level that is either normal (< 30 mmol/L) or borderline
(3060 mmol/L). These patients may have both multi- and/or single-organ involvement, with most

having exocrine pancreatic sufficiency and a less severe lung disease [51].

CFTR mutations

Although more than 2100 mutations have been described in the CFTR gene with a wide range of
biological and functional phenotypes, not all of them cause CF [11]. Mutations include missense,
frameshift, splicing and nonsense mutations, in-frame deletions, and insertions. On the basis of the
effect on CFTR function, the mutations are classified into seven major classes (Figure 4): class I, Il,
Il and VII mutations are linked to the absence of residual CFTR function and are correlated with a
severe phenotype in patients, demonstrating a pronounced clinical manifestation. On the contrary,
patients with mutations belonging to class 1V, V and VI show some residual CFTR function with

mild lung disease and pancreatic sufficiency [52].
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Wild-type CFTR  Class | Class Il Class IlI Class IV Class V Class VI Class VI

Figure 4. Classification of CFTR mutations.

Figure modified from [52].

Class I: protein synthesis defect

Class | mutations result in a severely reduced or absent expression of a functional CFTR protein.
Such mutations may be due to a nucleotide substitution which introduces an in-frame premature
termination codon (like W1282X, G542X and R1162X), frame-shifting insertions or deletions, and a
complete or partial deletion of the CFTR gene or a rearrangement in the gene which can alter the
exon sequence. G542X is the most frequent mutation of this class and leads to a reduced steady state

level of MRNA, caused by the presence of a premature stop codon in its sequence [52, 53].

Class Il: maturation defect

Class Il mutations are associated with a defective processing and trafficking of the CFTR protein due
to misfolding, severely reducing the number of CFTR molecules that reach the cell surface. Even if
it is translated into full-length polypeptide, the misfolded protein is retained into the ER, targeted to
degradation by the ubiquitin/proteasome pathway, rather than trafficked to the PM. The most frequent
CF mutation, the deletion of a phenylalanine at position 508 (F508del), belongs to this class leading
to energetic and kinetic instability of the NBD1 domain due to improper folding [53, 54].

Class I11: channel regulation defect

Mutations of the third class are frequently located in the ATP binding domains (NBD1 and NBD2)
and are mainly composed of missense mutations. They are referred to as gating mutations, as the
produced CFTR can reach the PM, but the regulation of the channel is impaired with decreased
channel opening time and chloride flux. Class 11l mutations are caused by resistance to activation by
protein kinase A. The most described mutation of this class is G551D [21, 52, 54].
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Class IV: conductance defect

Class IV mutations influence mainly the membrane spanning domains (MSD1 and MSD2) implicated
in the constitution of the channel pore. The missense mutations located in these regions produce a
protein which is inserted in the membrane, but with a reduced channel conductance with fewer ions
passing through the open channel pore [52,53]. The R117H mutation is the best-characterized class
IV mutation. Recently, the subclass 1V.b has been identified in relation to mutations regarding only
defect in CFTR bicarbonate conductance [54].

Class V: reduced protein synthesis

Class V mutations are often alternative splice mutations that reduce the total amount of CFTR protein
by affecting pre-mRNA splicing. These splice site mutations can induce complete or partial exclusion
of an exon. As result, CFTR is fully functional in the PM but with lower content. The most frequent

and well-studied is the skipping of exon 10 [54].

Class VI: reduced protein stability

Class VI mutations include those ones which can destabilize CFTR in the post-ER compartments or
at the PM, by reducing its conformational stability [55] and/or generating additional internalization
signals [56]. Therefore, these mutations can accelerate PM turnover and reduce apical PM expression.
Class VI has recently been combined with class V, as mutations leading to a reduced amount of
functional CFTR protein.

Class VII: non rescuable mutations

Since the CFTR modulator era, a seventh class has been added. These mutations are called the
irrecoverable mutations, because they cannot be pharmacologically rescued per se, such as large
deletions (dele2,3(21kb) mutation) and frameshift mutations [57].

Clinical features of Cystic Fibrosis

The progression of cystic fibrosis displays significant variability, influenced not only by the specific
CFTR mutation but also by other genetic and environmental factors. Onset can occur anywhere from
a few months to several decades after birth, and numerous patients may present with mild or atypical

symptoms [58].

The primary challenge in individuals with CF arises from the impaired secretion of chloride, sodium,

and water, leading to the formation of thick mucus in the respiratory, digestive, and reproductive
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systems. Conversely, the inadequacy in ion reabsorption at the sweat glands holds lesser significance
in the overall pathology. Accordingly, abnormally viscous secretions within the airways of the lungs
and the ducts of the pancreas in individuals with CF result in obstructions, leading to inflammation,
tissue damage, and destruction in both organ systems. The most common symptoms occur in the
respiratory tracts, featuring pertussis-like cough, several bronchiolitis or obstructive bronchitis, and
are present in more than 90% of CF patients. On the other hand, loss of pancreatic exocrine function
results in malnutrition and poor growth, which can lead to death in the first decade of life for most
untreated individuals [59]. Other organ systems containing epithelia, such as sweat glands, biliary
duct of the liver, male and female reproductive tract, and intestines are also affected. Indeed, CF liver

disease is the third cause of mortality in CF [60].

Cystic Fibrosis lung disease

CF lung disease is the major cause of mortality and morbidity in CF patients. While primarily
characterized as an infectious disorder, the consequent and associated inflammation in CF is both
intense and ineffective in eliminating pathogens. Continued and intense inflammation contributes to
structural damage in the airways, leading to impaired lung function that may result in respiratory
failure and eventual death [58]. CFTR deficiency has been associated with multiple faulty
inflammatory responses, including dysregulation in both innate and acquired immunity, abnormalities
in cell membrane lipids, heightened production of pro-inflammatory mediators, and various defects
in transcription factor signaling [61, 62]. The prevalent pathological observations include
bronchiectasis, airway obstruction and chronic infection driven by different bacteria, with
Pseudomonas aeruginosa (PA) being the most frequent [58,62]. Persistent bronchopulmonary
infections can be caused by other pathogens as well, like Staphylococcus aureus (SA), Burkholderia

cepacia and Mycobacterium abscessus (MA) [61].

Numerous studies highlight a multitude of defects in CF lung disease and inflammation that are
directly or indirectly associated with the CFTR protein. These include reduced airway surface liquid
and mucociliary clearance, hypoxia in the mucus layer, lower pH of airway surface liquid, and even
abnormalities in sphingolipids [61, 63, 64]. The airway mucus is a dynamic, intricate, and viscous
colloid that can undergo continuous modifications in response to various signals. It is a gel-like
aqueous solution that contains different molecules like antibacterial defensins, immunoglobulins,
glycoproteins, enzymes, lipids, inorganic salts, and protein mucins. Due to these components, airway

mucus serves various functions, such as forming a protective barrier against harmful substances and
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facilitating the clearance of pathogens. However, the mucus must be sufficiently fluid to allow the
elimination of particles and pathogens [65]. The presence of the CFTR protein influences the
characteristics of the airway surface liquid and mucus layer by regulating water content through its
capacity to secrete chloride ions and control sodium absorption [66]. Indeed, dysregulated regulation
of sodium and chloride content in CF results in defective osmotic pressure, heightened water
absorption, and, consequently, dehydration of the airway surface liquid [64, 67]. As a result, very
thick and viscous mucus is formed, unable to eliminate bacteria, leading to a chronic retention of

pathogens and a strong inflammatory response [61, 68].

Another important parameter of CF is pH, which is eight times more acidic in CF airway surface fluid
than in non-CF individuals [70]. In fact, low pH at the airway surface results in the inactivation of
antimicrobial peptides thus creating a host defense defect [61]. Local pH is essential also to the correct
function of several proteins, in particular the mucins, principally MUC5A, MUC5B, and MUC2,
which are able to impart viscoelastic and adhesive properties of respiratory mucus [66]. In addition,
CFTR is required for normal bicarbonate secretion too [71, 72, 73]. Recent findings indicate that
CFTR-dependent bicarbonate plays a crucial role in determining the expansion and solubilization of
mucin granules, as well as the density of airway mucus. Actually, the absence of bicarbonate leads to

the formation of a dense layer of mucins tightly adherent to the epithelial surface [61, 67, 74].

Regarding the lipid abnormalities, it was observed in several papers [63, 75, 76] that ceramide plays
an important role in the pathogenesis of cystic fibrosis because of its accumulation in lung epithelia.
High cellular concentrations of ceramide have been suggested to increase cell death, stimulate release
of DNA, increase bacterial binding to extracellular DNA, and initiate IL-1[3 and chemokine discharge.
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Figure 5. Defect in Cystic Fibrosis.

Mutations in the CFTR gene inhibit the secretion of CI7, resulting in uncontrolled absorption of Na* and
impaired mucus clearance. Image from [77].
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Therapeutic options in CF

Although there is not yet a definitive cure for cystic fibrosis, advances in treatment are helping many
people have longer life expectancy. In the current treatment profile for CF patients, novel challenges
have emerged: targeting the molecular defects in CFTR to restore the function of the mutated channel.
However, none of the new therapies are sufficiently effective to serve as standalone treatments at
present, emphasizing the equally crucial concurrent utilization of standard symptomatic treatments
for individuals with CF. Standard symptomatic treatments consist of several therapeutic approaches
to relieve patients’ symptoms, including medications to help thin and clear the thick mucus from the

airways, enzymes to help absorb fat and nutrients, and antibiotics to treat chronic lung infections [78].

Treatment of CF lung disease

Treatment of lung disease in CF is central, fundamental to improve the quality-of-life of CF patients,
but is also complex, and can be approached by several ways. The hallmark of cystic fibrosis lung
disease is infection by bacteria and other pathogens. Antibiotics have a role in treating acute
pulmonary exacerbations and chronic respiratory infections, and they can be administered both by
orally and intravenously, depending mainly on the targeted pathogen and on the severity of the
symptoms [79]. The most prevalent bacteria amongst CF patients treated with antibiotics are
Staphylococcus aureus, followed by Methicillin-resistant staphylococcus aeurus (MRSA),

Pseudomonas aeruginosa, and Haemophilus influenzae [80, 81].

Pulmonary exacerbations and airway obstructions can be treated also by the restoration of airway
surface liquid and mucociliary clearance using mucolytics, like Dornase alfa [82], or inhaling

hypertonic saline and mannitol [79, 83].

In addition to these therapies, patients with CF have to take anti-inflammatory drugs too as the
associated inflammation is increased but is still ineffective to clear pathogens from the lungs [84].
Both non-steroidal anti-inflammatory drugs (NSAIDs), like Ibuprofen, and steroidal anti-
inflammatory drugs, such as corticosteroids, are used. As pulmonary damage in CF may occur as a
consequence of inflammation, it has been hypothesized that prolonged use of NSAIDs may prevent
progressive pulmonary deterioration and respiratory morbidity [85]. Furthermore, inhaled
corticosteroids are often used to treat children and adults with CF, as they have the potential to
mitigate lung damage caused by inflammation, along with their impact on alleviating symptomatic

wheezing [86].

To ameliorate the breathing conditions, physiotherapy plays an important role in the management of

CF, as well as daily airway clearance techniques, oxygen therapy and ventilator support [78].
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Intensive use of oral, inhaled, and systemic antibiotics has undoubtedly improved survival of patients
with cystic fibrosis and is still one of the mainstay therapies. However, the need for innovative
antimicrobial treatments is on the rise due to the escalating prevalence of multi-drug resistant (MDR)
bacteria in individuals with CF, especially in the context of an aging patient population [79]. For this
reason, interest in treatment with bacteriophages is increasing [87, 88]. Bacteriophages are viruses
that infect and replicate in specific strains of bacteria, lysing the host bacteria and killing it. The use
of single or multiple bacteriophages in combination with antibiotics is also of enquiry, as they may
have synergistic advantages in treatment. Phage therapy is currently being studied in preclinical
studies for CF patients infected with SA, PA, MRSA and MA [89, 90]. Moreover, lung
transplantation, a complex and high-risk yet potentially life-saving therapy, may be considered as an
option for CF patients in the end-stage of lung disease [91].

Treatment of pancreatic, biliary, and liver disease

The continuous pursuit of optimal nutritional status is a major treatment goal in every CF individual,
since they are characterized by pancreatic insufficiency, occurring in 85% of patients, or even biliary
obstruction, occurring though in less than 10% of patients. Pancreatic insufficiency and biliary
disfunction can be treated with pancreatic enzyme replacement therapy [92, 93]. More commonly,
people with CF have heterogenous abnormal liver function, such as hepatic steatosis or fibrosis, but
just a small group of these patients develop cirrhosis or portal hypertension, whose unique treatment

is liver transplantation [94, 95].

Gene and molecular therapies

The primary objective of CF treatment is gradually transitioning from symptomatic management to
addressing the underlying CFTR defect, aiming to stop disease progression and prevent the onset of
complications. One of these approaches is gene therapy focusing on encompassing the CFTR protein
repair and CFTR gene correction by introducing exogenous CFTR gene into the airways of CF
patients via viral or non-viral vectors [96]. After cloning the CFTR gene, gene therapy was originally
the priority for therapy of CF individuals, but gene transfer into lung cells in vivo soon proved more
challenging than anticipated because of the innate barriers of airway epithelia and the thick, sticky
mucus of CF patients [84]. Nevertheless, in 2012/13, a randomized, double-blind, placebo-controlled
phase 2b clinical trial involving 140 patients was conducted for a DNA plasmid introduction, that
contained the CFTR cDNA complexed with cationic liposomes. This major study of lung delivery
has shown some promising effects on important clinical parameters of FEV1 but suggested also that
substantially more efficient vectors and delivery systems are required to achieve sufficient expression
of CFTR [97].
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Other options as targeted therapies for the treatment of CF patients consist in promoting CFTR mRNA
readthrough technology (for example non-antibiotic glycosides) [98, 99], or introducing new, wild-
type RNA into the cells to be utilized in the production of complete CFTR protein [100], also by lipid
nanoparticles [79]. Moreover, genome editing mechanisms are promising as well, like zinc-finger
nucleases (ZFNs), transcription activator-like effector nucleases (TALENS), and clustered regularly
interspersed palindromic repeats (CRISPR) or CRISPR-associated nuclease 9 (CAS9), that aim to
repair the host DNA [101].

The restoration of reduced CI™ secretion can also be accomplished by influencing other ion channels,
the activity of which is dependent on or can substitute for CFTR, such as through the control of
amiloride-sensitive epithelial Na™ channel (ENaC). When activated through the PKA-dependent
pathway, it is theorized that CFTR inhibits ENaC, thereby decreasing Na* absorption [102]. Hence,
in CF, the absence of CFTR results in increased Na* conductance, making the modulation of ENaC
activity a significant therapeutic target in CF [102, 104]. Additionally, recent attention has also been
given to the activation of alternative CI~ channels, specifically Ca?*-activated CI~ channels (CaCCs),
like anoctamins (TMEM16A) [105] and SLC26A9 [106]. Support for alternative strategies targeting
other membrane transporters is derived from evidence indicating that the presence of CFTR, even in

its mutant form, at the PM appears to be sufficient to influence the activity of these other proteins.

CFTR Modulator Therapy

Defining the cellular and molecular pathology associated with CFTR mutations has proven to be
invaluable in the development of small-molecule compounds aimed at addressing the fundamental
defects in CF. These compounds are the CFTR modulators, the latest and most promising therapeutic
options designed to enhance the function of the mutated channel. They are divided into two groups
based on their function as chaperons; correctors, capable of improving the biosynthesis and
trafficking of CFTR towards the PM, and potentiators, enhancing the probability of the CFTR channel
opening once the protein reached the PM [107]. There are four CFTR modulators that have

successfully progressed through clinical trials and are currently used in the therapy of CF.

The first proposed modulator was a potentiator, N-(2,4-di-tert-butyl-5-hydroxyphenyl)-4-oxo-1,4-
dihydroquinoline-3-carboxamide (lvacaftor, VX-770), approved in 2012 by the U.S. Food and Drug
Administration (FDA), and soon afterwards by the European Medicines Agency (EMA), in children
ages 6 years and older [108]. Ivacaftor was identified via high throughput screening and subsequently
modified to optimize its therapeutic effect. It binds to the defective protein at the cell surface (to
MSDs) and induces channel opening in a PKA phosphorylation dependent way, independent of ATP
[109]. It was initially administered to CF patients who have the G551D CFTR gating mutation [110],
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however, in other class 111 and IV mutations lvacaftor has shown to correct CFTR-mediated chloride
transport [111, 112], and now is administrable also in children of younger age, as young as 1 months
old [113]. Until now, lvacaftor is the only molecule approved to be used as a monotherapy treatment
for CF patients with gating mutations, known under the commercial name Kalydeco by Vertex

Pharmaceuticals.
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Figure 6. Structure of lvacaftor

Unfortunately, gating mutations represent only one class of CFTR mutations, and therefore,
additional therapies have been developed to target the pathophysiologic diversity. The most common
mutation, the F508del, apart from its instability at the PM, results in misfolding and retention of the
CFTR in the ER, and has reduced trafficking to the cell surface and, thus posing a challenge that is
not entirely resolved by potentiators [114]. For this reason, correctors were developed to target this
deficiency in folding and to increase the amount of CFTR protein produced and transported to the
cell surface. The first corrector that has been approved by the FDA is Lumacaftor, VX-809. VX-809,
functioning as a type-1 corrector, intervenes early in CFTR biosynthesis to adjust the conformation
of MSD1. Consequently, it mitigates folding defects by strengthening interactions among NBD1,
MSD1, and MSD2 domains in F508del-CFTR and similar MSD1 mutants [115, 116]. It is used only
in combination with lvacaftor in CF patients ages 1 and older with homozygous F508del mutations,

and it was introduced in 2015 under the trade name Orkambi by Vertex Pharmaceuticals [113, 117].
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Figure 7. Structure of Lumacaftor
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Lumacaftor, serving as a corrector, enhances the trafficking of CFTR protein to the outer cell
membrane, while lIvacaftor, acting as a potentiator, facilitates the opening of an otherwise
dysfunctional chloride channel. The safety and efficacy of the drug have been assessed in global
studies carried out by the CF Therapeutics Development Network. These include two Phase IlI
multinational, double-blind, placebo-controlled studies named TRAFFIC and TRANSPORT,
published in 2015 [118], followed by an open-label trial known as PROGRESS in 2017 [119].
Treating patients with Orkambi formulation, symptoms have showed improvements, such as lower
rate of pulmonary exacerbations and sweat chloride levels, but significant increase in FEV1, as well
as in quality of life [119]. Nevertheless, clinical studies have shown that the long-term impact of
Orkambi on lung function is modest and constrained [121, 122]. It was proposed that this modest
effect could be attributed to a negative impact of VX-770 on the stability of F508del-CFTR at the PM
[43]. A recent study indicates the potential for non-specific effects of VX-770 on the lipid bilayer,
since as a small, lipophilic molecule, the potentiator has been found to accumulate and enhance the
fluidity of the PM leading to its reorganization. This effect may be held accountable for inhibiting the
V X-809-mediated correction of the interface between MSD2 and NBD1, and thus the folding efficacy
of F508del-CFTR [122, 123].

Vertex continues the production of Orkambi; nevertheless, its diminished long-term effects
underscore the necessity for the development of additional modulators to optimize the clinical
benefits of corrector-potentiator therapy in CF. Another combinatory therapy has been approved in
2018 by the FDA consisting in Tezacaftor, VX-661, as the corrector, and VX-770, as the potentiator,
licensed as Symdeko by Vertex Pharmaceuticals [113]. This drug is allowed for people ages 6 and
older, both for those who are homozygous, and for those who are heterozygous for the F508del
mutation and have another CFTR mutation that is responsive to this treatment, expanding the number

of individuals who could benefit from CFTR-modulator therapy [124].
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Figure 8. Structure of Tezacaftor
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Lumacaftor and Tezacaftor belong to the same cluster, type | correctors. They are structural analogs
and have a similar mechanism of action sharing an overlapping binding site of CFTR, the
hydrophobic pocket of MSD1 [114]. While this drug combination demonstrates similar efficacy to

Orkambi, it appears to be better tolerated and has fewer problematic drug interactions [125, 126].

Following the success of dual combination therapies, a triple therapy with ETI, or trade names
Trikafta (USA) or Kaftrio (EU), was developed and approved by the FDA in 2019, consisting of two
correctors, Elexacaftor (VX-445) and Tezacaftor, combined with the potentiator Ivacaftor. This
combinatory therapy is now in use to treat patients ages 2 and older who have at least one F508del
mutation in the CFTR gene, making the CFTR-modulators a possible therapeutic option for an even

greater number of people with CF [113].
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Figure 9. Structure of Elexacaftor

Elexacaftor is a molecule belonging to the type-3 correctors, binding to NBD1 and stabilizing it [127].
However, additional studies have demonstrated that \VX-445 is effective in correcting rare class Il
mutations located in various domains of the CFTR, supporting, therefore, the idea that VVX-445 has
the capability to facilitate the multi-domain assembly of the CFTR protein [128, 129], interacting also
with MSD2 [130]. It has been also postulated that VVX-445 possesses dual activity, functioning both
as a defective CFTR corrector and a potentiator [131], and its effect is synergic either with type-1 or

with type-2 correctors.

Indeed, in vitro, Elexacaftor-Tezacaftor-lvacaftor considerably improved F508del-CFTR protein
processing, trafficking, and chloride transport to a greater extent than any two of these agents in dual
combination. Moreover, recent phase 2 trials showed a further improvement in lung function, namely
a 10% improvement in FEV1, as well as in general life quality, when the second corrector Elexacaftor
was added to the Tezacaftor-lvacaftor combination in homozygous F508del subjects [133], and also
in individuals heterozygous for the F508del mutation and a minimal function mutation [134].
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Altogether, Kaftrio seems to be a transformative therapeutic approach for the vast majority of
individuals with CF globally. [135]. These influential medications fall under the category of highly
effective modulator therapy (HEMT) and have played a role in enhancing lung function as assessed
by FEV1, body mass index (BMI), respiratory symptoms (according to the CFQ-R respiratory
domains), while decreasing pulmonary exacerbations [79, 135]. Indeed, due to HEMT, life
expectancy is experiencing a significant improvement; as per the 2021 United States Cystic Fibrosis
Patient Registry, the median predicted age of individuals with CF is now over 52 years [136].

Although the follow up of CF patients undergoing treatment with CFTR-modulators indicates an
important improvement of the clinical symptoms and life expectancy, the necessity of developing
new modulators and potentiators remains a crucial challenge in CF. This is particularly significant
for approximately 30% of patients who bear either minimal function mutations not recognized to be

responsive to HEMT, known as orphan mutations, or have unknown genotypes [79, 137].

Sphingolipids

CFTR protein forms connections with other proteins in a large molecular complex at the PM level.
The activity of its channel and its presence on the cell surface are controlled by localized signaling
and recycling processes within endosomal compartments. These processes appear to depend on the
compartmentalization and lateral mobility of CFTR and its interactome. While the majority of
research has concentrated on protein-protein interactions, there is currently emerging evidence
highlighting the significance of lipids in compartmentalizing CFTR. Specifically, lipid rafts
containing sphingolipids and cholesterol on the plasma membrane play a crucial role in organizing
the proper microenvironment for various proteins, including CFTR. Indeed, lipids impact both the
activity and stabilization of the CFTR channel, but on the contrary, CFTR loss of function can also

influence lipid metabolism [137].

Structure and chemical properties

The lipid composition of the cellular plasma membrane is highly intricate, encompassing
glycerophospholipids, cholesterol, and sphingolipids. [138]. Although glycerophospholipids and
cholesterol are the main lipids that make up eukaryotic cell membranes, nowadays, unfolding data
support the important role of sphingolipids (SLs) [139]. Indeed, SLs define the structure, integrity,
and fluidity of the phospholipid bilayer, and many of them are considered also as bioactive molecules

directly involved in cell development, signaling, cell-to-cell or cell-to-matrix adhesion, proliferation,
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and apoptosis [140, 141]. Sphingolipids (SLs) are mainly linked to the outer layer of the plasma
membrane (PM), where they are confined to distinct membrane regions known as lipid rafts or
detergent-resistant membrane domains (DRMs). These domains serve as organizing platforms,
segregating specific proteins responsible for mediating signaling processes across the plasma

membrane [142].

All SLs are amphipathic molecules characterized by a hydrophobic group inserted in the lipid bilayer,
called ceramide, and by a hydrophilic head of different complexity protruding toward the extracellular
environment. They share a common structure consisting of a "long chain" backbone or “sphingoid”
base, which is formed by a 2-amino-1,3-dihydroxy-octadec-4-ene, an amino alcohol called
sphingosine. Sphingosine has four different chemical configurations, but only the 2S, and 3R are
found in nature. Through an amide-bound sphingosine is linked with a long or very long fatty acid-
chain, predominantly composed of 14 to 36 carbon atoms in length [143]. The N-acylated form of
sphingosine is called ceramide (Cer), the hydrophobic lipid moiety of SLs, which is the starting point
for the biosynthesis of more complex phosphosphingolipids (PSLs) and glycosphingolipids (GSLSs)
(Figure 10) [144].
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Figure 10. Chemical structure of sphingosine and ceramide

The ceramide backbone exhibits variation in length depending on the carbon chain; however, it is a
fundamental component present in all SLs. In turn, the polar segment differs among various classes
of SLs: in case of sphingomyelin (SM), it is composed of phosphocholine, regarding
glycosphingolipids, it is a saccharide moiety, which can either be a monosaccharide or a
polysaccharide generating more complex GSLs (Figure 11). In all cases, the polar head group is

bound to the first hydroxy group of the ceramide backbone through a - glycosidic linkage [143, 144].
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Figure 11. Chemical structure of principle sphingolipids

As a monosaccharide, both glucose and galactose could be added to the ceramide portion forming
either the glucosylceramide (GlcCer) or galactosylceramide (GalCer), known also as cerebrosides.
They represent the most basic GSLs and, along with globosides—sphingolipids containing two or
more sugar moieties like glucose, galactose, and N-acetyl-galactosamine—they collectively make up
the neutral glycolipids class. Cerebrosides are prevalently located at encephalic level and in the
peripheral nervous tissue [144]. Instead, the gangliosides are a particular class of complex GSLs,
whose oligosaccharide portion consist of at least 3 monosaccharides, such as D- glucose, D-
galactose, N- acetylglucosamine, N- acetylgalactosamine, containing also one or more sialic acid
residues through an a- glycosidic linkage. They are classified according to the amount and position
of the hexoses and sialic acid residues, following the IJUPAC nomenclature [145]. They are mainly
located in ganglion cells of the central nervous system. The polar head of gangliosides extrudes from
the outer layer of the cell membranes, where it can work as a receptor, or it can be involved in cell-

to- cell or cell- to- substrate recognition as it occurs during cell growth [146].

Sulfatides represent another class of SLs. They are esters of sulfuric acid with GalCer inserted in the
outer leaflet of the membrane and are particularly abundant in the kidney, gastrointestinal tract,
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erythrocytes, as well as in the nervous tissue where they contribute to the proper structuring and
functioning of myelin. Moreover, they are also involved in cell recognition and adhesion processes
[147].

Sphingolipids’ metabolism

The metabolism of SLs is a complex process involving the collaboration of numerous enzymes
operating in distinct subcellular compartments, as illustrated in Figure 12. These processes are
intricately linked and regulated by intracellular and extracellular signaling pathways, with the primary
objective of defining the SL pattern that governs biosynthesis, trafficking, catabolism, and recycling
of SLs. In the different cell types, the composition of SLs can be largely attributed to the combination
of enzymes with transferase activities, depending on the cell function and pathological conditions
[148, 149].

Sphingolipids’ biosynthesis

SLs biosynthesis in mammals requires the intracellular formation of the membrane anchor, the
ceramide [148]. Cer plays a pivotal role in SL metabolism as it serves as the shared intermediary in
both the biosynthetic and catabolic pathways of SLs. Its production occurs through three different
metabolic ways: de novo biosynthesis, complex SL catabolism and sphingosine recycling/salvage
pathway. Instead, the oligosaccharide chain of GSLs is constructed by the sequential addition of
monosaccharides either to the ceramide backbone or to the expanding saccharide chain [150]. Both
events are coupled to intracellular movement of metabolic intermediates and final products to the PM
[151].
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Figure 12. Scheme depicting glycosphingolipid metabolism.
Various metabolic pathways contribute to alterations in the composition of GSLs in the plasma membrane.

These pathways include: 1. Uptake of extracellular glycolipids shed by neighbouring cells into the plasma
membrane, 2. Shedding of glycolipid monomers, which can fuse directly with the membrane or interact with
extracellular proteins or lipoproteins, subsequently taken up by cells and catabolized in lysosomes, 3. Release
of vesicles containing glycolipids from the plasma membrane, 4. Membrane endocytosis, followed by sorting
to lysosomes and catabolism within lysosomes, 5. Biosynthetic modifications carried out by PM associated
glycosyltransferases and glycosidases, 6. Neobiosynthesis of glycosphingolipids and their transport to the cell
surface, 7. Recycling in the biosynthetic pathway of partially catabolized molecules. Figure from [148].

Biosynthesis of ceramide
De novo biosynthesis of Cer takes place in the ER starting with the condensation of the amino acid
L-serine with palmitoyl coenzyme A (CoA), catalyzed by serine palmitoyl transferase, forming 3-
ketosphinganine [152, 153]. Afterwards, 3-ketosphinganine is reduced to d-erythro-sphinganine by
3-ketosphinganine reductase in a NADPH-dependent reaction [154]. Subsequently, sphinganine is
acylated by the addition of a fatty acid in position 2 by N-acyltransferase (ceramide synthase), leading
to the formation of dihydroceramide [155]. A major part of dihydroceramide is then desaturated in

position 4,5 to Cer by the dihydroceramide desaturase (DES) enzyme [156].
Cer is also generated during either the catabolism of complex sphingolipids or the hydrolysis of
sphingomyelin. SLs degradation occurs in the lysosomes by the action of specific glycohydrolases
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which sequentially cleave off the sugar residues from the non-reducing extremity of the
oligosaccharides, resulting in the formation of also Cer. Whereas, SM hydrolysis is catalyzed by the
action of sphingomyelinases (SMases), directly into Cer [157].

Ceramide synthase can use with similar affinity both sphingosine and sphinganine [158], thus Cer
can also be formed through a salvage pathway by the direct N-acylation of sphingosine produced by
the catabolism of complex SLs and SM. Since this pathway doesn’t need the action of ceramide
desaturases, it is responsible for a massive production of cell SLs [159]. The synthesized ceramide

can be transported to the PM to synthetize complex SLs, or it can be used to synthesize SM [160].

Biosynthesis of sphingomyelin

Regarding the SM biosynthesis, it occurs either at the luminal part of Golgi membranes or at the
plasma membrane, by SM synthase 1 and 2 (SMS). Both isoforms transfer phosphorylcholine from
phosphatidylcholine onto the 1-hydroxyl group of Cer, resulting in the release of diacylglycerol [161].

Biosynthesis of complex GSLs

GSLs biosynthesis is facilitated by a multienzyme system of glycosyltransferases found in both the
Golgi cisterns and at the plasma membrane level. Glycosyltransferases catalyze the transfer reaction
of a carbohydrate from the sugar nucleotide (UDP-Glucose or UDP-Galactose) to a specific type of

acceptor, like ceramide or the non-reducing end of a carbohydrate chain linked to Cer [162].

The first step of the process happens at the cytosolic side of early Golgi membranes and starts with
the glycosylation of Cer to glucosylceramide by a ceramide glucosyltransferase, called GlcCer
synthase [163]. The neo-synthetized GlcCer can either be transported to the PM or it can be shifted
to the luminal side of the Golgi, where it undergoes further glycosylation by various
glycosyltransferase to form more complex SLs [164]. For instance, the addition of a galactose residue
from UDP-Gal to GlcCer, facilitated by a galactosyltransferase, leads to the creation of

Lactosylceramide (LacCer), which is the intermediate of complex GSLs [165].

One of the main branches of LacCer metabolism is the formation of ganglio- series. Biosynthesis of
gangliosides occurs in the lumen of the Golgi apparatus by different glycosyltransferases, with the
addition of neutral sugars and sialic acids [145]. The GM3 synthase or sialyl-transferase (SAT1) is
responsible for the sialylation of LacCer to form the GM3 ganglioside by the transfer of a sialic acid
residue. The other downstream metabolites in this pathway are formed by similar reactions; GM3 is
converted to GM2 by GM2 synthase or B-galactosaminyl transferase, which transfers an N-
acetylgalactosamine to GM3, and GM2 is converted to GM1 by GM1 synthase. Consequently, neo-
synthetized GSLs reach the PM through exocytotic vesicular traffic [148].
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Figure 13. Biosynthesis of sphingolipids.

Scheme illustrating the principal headgroup additions in the Golgi apparatus during the biosynthesis of
complex SLs. Each segment corresponds to a specific GSL category. Green dotted area: ala- series; red dotted
area: sulfatides; blu dotted area: gangliosides; orange dotted area: lactosides and neolactosides; purple dotted
area: globo and isoglobo series. Abbreviations: Cer=ceramide; LacCer=lactosylceramide,
GalCer=galactosylceramide; GlcCer=glucosylceramide; GalNAc=N-acetylgalactosamine; Fuc=fucosyl,;
T=transferase. Figure from [144].

Trafficking of sphingolipids

Complex SLs are transported via vesicle- dependent or protein- dependent pathways from their site
of synthesis, the ER, to the Golgi apparatus, the PM, and the endo-lysosomal system (Figure 12).
Another mean of transportation is called “flip- flop”, helped by proteins known as flippases, when
lipids can move from one membrane leaflet to the other, allowing the generation of specific lipid
profiles in cell membranes. Moreover, lipoproteins or extracellular vesicles can exchange SLs with
the PM. They can be internalized and directed to the endolysosomal system for their complete
degradation or recycling. On the contrary, vesicles can be shred from the endolysosomal compartment

and merge with the plasma membrane, a phenomenon referred to as lysosomal exocytosis [166].

34



Introduction

Catabolism of sphingolipids
Lysosomal Glycolipid Degradation

Metabolic turnover and constitutive glycolipid degradation of PM sphingolipids takes place in the
acidic compartments of cells, the endosomes and the lysosomes. Indeed, PM portions containing
GSLs intended to degradation are internalized via endocytosis and the vesicles pass through
endosomal compartments to the lysosomes [167]. The degradation process consists in the remodeling
of the hydrophilic head of SLs as lysosomal glycosidases sequentially remove saccharides from the
non-reducing end of their glycolipid substrates. The resulting molecules from the catabolism, such as
monosaccharides, sialic acids, fatty acids and sphingoid bases, can either be further degraded or they

can leave the lysosome to be recycled within salvage processes [168].

During the catabolism of sphingosine, it is first phosphorylated to sphingosine-1-phosphate (S1P) by
sphingosine kinases and then sphingosine-1-phosphate lyase degrades it to phosphoethanolamine
(PE) and hexadecanal [169]. Regarding the ganglioside catabolism, GM1 is cleaved to GM2 by -
galactosidase, removing the galactose. The produced GM2 is then degraded to GM3 and N-acetyl-
galactosamine through the action of B-hexosaminidase A (Hex A), in the presence of GM2 activator
protein. The enzyme is also responsible for the formation of GDla by removing the N-acetyl-
galactosamine from GalNAc-GD1a [148]. B-hexosaminidases are dimeric enzymes composed of two
diverse subunits, o and 3. The different possible dimerization of their subunits leads to three different
isoforms of the enzymes in human cells: Hex A (a+ ), Hex B (B + ) and Hex S (o+ o) [170]. GM3
is a substrate of sialidase Neul and Neu3, which leads to the formation of LacCer and sialic acid.
These enzymes are responsible also for the formation of GM1, removing a sialic acid from the
ganglioside GD1a. Sialidases or neuraminidases are glycohydrolases that catalyze the removal of a-
glycosidically linked sialic acid from the oligosaccharide chains of GSLs to form less complex SLs.
Four different isoforms have been isolated from four different genes: Neul, Neu2, Neu3 and Neu4.
Neul and Neu2 are predominantly localized in the lysosomes and cytosol, Neu3 is found at the PM
level, while Neu4 is present in mitochondria and ER [171]. The degradation of LacCer is driven by
B- galactocerebrosidase, which removes the galactose obtaining GlcCer [172]. The GlcCer obtained
by this reaction is further degraded by the action of B-glucocerebrosidase (GCase), a lysosome
associated enzyme that hydrolyze the B-glycosidic linkage of GlcCer producing ceramide and glucose
[173]. At the end, ceramide is catabolized into sphingosine and a fatty acid by acid ceramidase. On
the other hand, SM is hydrolyzed to Cer by sphingomyelinase (SMase). Different forms of SMase
are known, and are characterized by specific optimum pH, subcellular localization, or cation
dependence, such as acid sphingomyelinase (aSMase) and neutral sphingomyelinase (hSMase). The

acid one is principally located in lysosomes [174].
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Plasma membrane sphingolipid metabolism

Several processes are responsible for the construction of the cell membrane sphingolipid pattern and
content. The main ones are neo-biosynthesis of SLs in the ER and Golgi apparatus, the membrane
turnover with final lysosomal catabolism, and vesicles shedding. Some data reported that enzymes
involved in the metabolism of sphingolipids can directly modify the SL head groups at the PM level
[175]. In fact, some of the same enzymes of SL biosynthesis and catabolism have been found not only
in the lysosomes, but also associated with the cell surface [176], including sialidase and sialyl
transferase, SMase and SMS, B-hexosaminidase, 3-galactosidase and B-glucosidases, ceramidase and
two glycosyltransferases: GalNAc transferase and sialyl tranferase 2 (Figure 14). These enzymes are
frequently observed to occur as pairs, catalyzing the same reaction in opposite directions, thus
contributing to the in-situ modifications of SL composition. The process by which enzymes working
in the lysosomes are found also at the PM is a result of lysosomal exocytosis. This process involves
the fusion of the lysosomal membrane with the PM, resulting in the secretion of the lysosomal content
into the extracellular environment, and the association of lysosomal enzymes with the outer surface
of the PM [148]. These phenomena have very important biological consequences, considering that

they can affect cell function without involving the complex intracellular metabolic machinery.

The presence of active Hex A in the outer membrane layer of the PM was demonstrated in cultured
fibroblasts [177], illustrating by immunological and biochemical characterization that it has the same
structure of the lysosomal isoform. Regarding the neuraminidases, Neu2 and Neu3 are also present
at the cell surface having a crucial role in transmembrane signalling [178]. B-galactosidase activity
associated with the cell surface has been measured in several cell lines. Nevertheless, the identity of
the proteins responsible for the enzyme activity at PM level is unknown so far [173]. In case of the
B- glucosidase, at least two different enzymes had been detected with B- glucocerebrosidase activity
capable of catalyzing the conversion of glucosylceramide into glucose and ceramide; -
glucocerebrosidase (GCase) which works in the lysosomes and a non-lysosomal f-
glucocerebrosidase (NLGase), residing at the PM level [173]. Nevertheless, GCase was found to be
present also at the PM level, and NLGase also within the ER and endosomal vesicles. They are
considered central enzymes in the GSLs homeostasis, and, in addition, studies have shown that an
increase in PM B- glucosidase activity (B-Glc TOT= GCase and NLGase) is accountable for inducing
cell cycle arrest and apoptosis [179, 180]. With regards to the sphingomyelin synthase 2, the PM-
associated one is genetically distinct from the Golgi’s one. SMS2, at the PM, is present in combination

with a particular isoform of neutral SMase, the nSMase2 [174].
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Figure 14. Image illustrating the glycosyltransferases and glycohydrolases linked to the cell surface.

B-glucocerebrosidase (Gcase); non-lysosomal B-glucocerebrosidase (NLGase); B-hexosaminidase A (Hex A);
UDP-N-UDP-N-acetylgalactosaminyltransferase (GaINAc-T); B-galactosidase, p-galactocerebrosidases (B-
Gal); sphingomyelinase (SMase); sphyngomyelin sinthase 2 (SMS2); sialyl acyltrasferas (SAT);
Neuraminidase 3 (Neu3). Image from [137].

Biochemical role of lipids

Several evidence in literature suggest that lipids serve not only as structural components of cell
membranes, but also as bioactive molecules, playing fundamental roles in cell signaling and

regulatory pathways [181, 182].

Ceramide, ceramide-1-phosphate, sphingosine, and sphingosine-1-phosphate have been shown to be
involved in the regulation of many considerable cellular events, such as proliferation, differentiation,
motility, growth, senescence, and apoptosis [183]. Cer and S1P appear to have opposing roles in these
processes, and thus the metabolically linked balance between them determines the entry into one or
more of these pathways. Referring to complex GSLs, they play a crucial role in cell physiology by
serving as antigens, mediators of cell adhesion, binding agents for microbial toxins, and modulators
of signal transduction [184]. Moreover, as many reports indicate that most of the PM-associated
glycohydrolases are are identical to the enzymes found in lysosomes [175, 176], at the cell surface
these enzymes may directly impact the metabolism of SLs. This influence extends to cellular effects

and the regulation of the levels of bioactive sphingoid molecules, such as Cer and S1P [41].

As written before, SLs together with cholesterol, saturated phospholipids and a specific pool of
proteins organize protein-lipid macromolecular complexes at the PM, called lipids rafts. Lipid rafts
were initially defined as membrane domains, specifically organized structures that exhibit distinct

molecular compositions and properties differing from the surrounding membrane, created as a result
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of the lateral segregation of sphingolipids. However, this definition was later modified, introducing
the idea that lipid rafts are dynamic nanoscale membrane regions enriched in sphingolipids,
gangliosides, and proteins, that are stabilized by the presence of cholesterol within a liquid-ordered
phase [142, 185, 186]. Lipids rafts are also known as detergent resistant membrane domains (DRMs)
as they are resistant to solubilization by non-ionic detergents, such as Triton X-100 and Brij-96. The
complex processes governing the formation and dynamics of lipid rafts are not yet completely
understood, nonetheless, changes in the lipid composition of the membrane upon stimuli impact the
lateral organization of molecules within these rafts [187]. Most probably, SLs modulate the functional
characteristics of many membrane proteins either by making lateral interactions with them or by
short-range alterations of the physico-chemical properties of the protein membrane
microenvironment [41]. Indeed, one of the most important properties of lipid rafts is that they can
include or exclude proteins to variable extents [151]. In general, binding to rafts recruits proteins to
a new environment, where the local activity of kinases and phosphatases can modify the

phosphorylation state, subsequently leading to downstream signaling events.

Proteins, that are noticed to be residing in lipids rafts involve glycosylphosphatidylinositol (GPI)-
anchored proteins, dually acylated proteins, such as Src-family kinases or the a-subunits of
heterotrimeric G proteins, cholesterol-linked and palmitoylated protein, and transmembrane proteins.
It is unclear why these proteins can be found in lipid rafts, however, some evidence suggests that
amino acids in the transmembrane domains near the exoplasmic leaflet are significant, as well as
specific post-translational modifications, like palmitoylation or myristoylation. Moreover, a
monomeric transmembrane protein may exhibit a brief residence time in lipid rafts, but when the

same protein is crosslinked or oligomerized, its confinement within rafts increases [188].

The distribution of lipid rafts over the cell surface depends on the cell type. Generally, they are more
abundant at the PM level, but they are also present in intracellular membranes and extracellular
vesicles, as Golgi, ER and endosomes [189]. For example, in polarized bronchial epithelial cells lipid

rafts accumulate at the apical PM, where also CFTR is located.

Cholesterol

Cholesterol is the principal sterol synthesized by animal cells. It serves as biosynthetic precursor for
synthesizing several hormones, vitamin D and bile acids [190], but is also an essential component of

eukaryotic cellular membranes, contributing to the control of their physiological properties. Besides
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its structural role, cholesterol also plays a crucial role in regulating cell function and vesicles
formation [191]. Cholesterol is incorporated into the phospholipid bilayer of cell plasma membranes
with its polar hydroxyl group situated near that of the phospholipid, to maintain membrane integrity
[192]. As already mentioned, the lipid composition of the PM, including cholesterol and SLs, is a
major determinant of membrane function, governing permeability and curvature as well as
influencing the recruitment and activity of associated membrane proteins. Additionally, cholesterol
restricts the permeability of the phospholipid bilayer, acting as a barrier that separates intracellular

contents from the extracellular milieu [192].

Cellular cholesterol levels are tightly regulated within a narrow range through sophisticated
homeostatic pathways, primarily taking place in the ER, the site for sterol synthesis. Cholesterol can
be synthetized either as de novo, mainly in the liver and intestines, or it can also obtain from the diet.
Triglycerides and cholesterol are combined with Apo proteins in the liver, forming a package that is
subsequently released into the circulation as very low-density lipoproteins (VLDL). This packaging
IS necessary because the hydrophobic nature of cholesterol makes it unlikely for it to be transported
through the blood. VLDL contains triglycerides, cholesterol, and phospholipids, and its degradation
results in the formation of low-density lipoproteins (LDL) that are the main transporters of cholesterol
in the circulation [193]. They are transported to peripheral tissues, where LDL is recognized by LDL
receptors situated on cell membranes, and subsequently internalized via clathrin mediated
endocytosis. Besides LDL, high-density lipoproteins (HDL) facilitate the transport of cholesterol

from peripheral tissues back to the liver through a reverse transport mechanism [194].

The heterogeneous distribution of cholesterol among intracellular membranes is facilitated by both
vesicular and non-vesicular transport between organelles. Nevertheless, its uneven distribution is
predominantly reliant on non-vesicular transfer routes, mediated by soluble carriers known as lipid-
transfer proteins. The content of membrane cholesterol can increase either through the secretory
pathway or by endocytosis of LDL, which is then undergoes hydrolysis by acid lipases in the
endocytic pathway releasing free cholesterol [195]. Recycling endosomes, rich in LDL-derived

cholesterol as well as endocytosed PM cholesterol, can also deliver cholesterol to the cell surface.

Sphingolipids in Cystic Fibrosis
Lung sphingolipids

Similar to other tissues and organs, sphingolipids play a critical role in the lung, serving both as

signaling molecules and as integral components of membranes and extracellular fluids.
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Human airway epithelial cells contain a wide variety of SLs with a complex pattern, including Cer,
PSLs, globosides, like globotetraosylCer and globotriaosylCer, the major class of neutral glycolipids,
as well as LacCer, GlcCer and tetrahexosylCer (asialoGM1). In addition, among sialylated GSLs, in
the lung tissue fourteen different types of gangliosides are present. The most abundant is GM3,
followed by GML, disialo GD3, and trisialosyllactosylCer GT3 [196, 197].

The role of SLs and SL metabolism in lung development has been widely investigated. Different
studies reported the involvement of Cer in both apoptotic endothelial cell death and decreased
pulmonary barrier function [41]. In fact, many bacteria employ the sphingomyelinase enzyme as
common virulence factor that directly convert SM into Cer at the cell surface [198]. Ceramide in the
plasma membrane promotes the development of an inflammatory phenotype leading to pulmonary
infections caused by a several pathogens, such as Neisseria gonorrhoeae, Neisseria meningitidis,
Staphylococcus aureus, Pseudomonas aeruginosa, or measles virus, rhinovirus [180]. Cer is suitable
to manage bacterial and viral infections owing to its advantageous biophysiological properties. It is
characterized by high hydrophobicity, low amphiphilicity and is able to create small, Cer-enriched
membrane domains thanks to hydrophobic interactions. As a result of many different stimuli, such as
bacterial infections, there is a continuous binding of these membrane domains, leading to the
formation of large, Cer-rich platforms throughout the PM [45, 198]. They have diverse biophysical
properties, and can amplify initial signals by trapping and activating receptors and signaling

molecules [199].

Sphingolipids involvement in Cystic Fibrosis lung disease and infection

An increasing number of studies indicate that SLs play an important regulatory role in CF in relation

to pulmonary infections and inflammation [83, 175, 198, 200].

Bacteria can bind to different receptors expressed on epithelial cell surface, such as Toll like receptors
2, 4 and 5. This binding activates a series of kinases leading to the nuclear translocation of
transcription factors and expression of pro-inflammatory genes [201]. Indeed, in CF patients, there is
a basal pro-inflammatory state, with large amount of pro-inflammatory mediators, such as interleukin
(IL)-8, IL-6, and tumor necrosis factor (TNF)-a produced in the airways. This condition causes a
massive recruitment of neutrophils and macrophages. However, these immune cells are unable to
effectively eliminate bacteria, leading to the intensification of inflammation and persistent infection,

responsible for the pathological manifestations of CF lung disease [61, 62].

Regarding complex GSLs, some studies reported that gangliosides belonging to the cell surface of

epithelial cells could operate as receptors for microorganisms. In particular, some strains of P.
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aeruginosa are able to bind to asialo-GM1 and asialo-GM2, moreover, the B subunit of cholera toxin
can bind to GM1 ganglioside [202].

On the other hand, discrepant findings are outlined about the role of Cer in CF inflammation and
infection, reported by the Gulbins group [63, 201] and by Guilbault and co-workers [203, 204].
Respectively, the Gulbins group showed accumulation of ceramide in the airway epithelium of a CF
mouse model, along with qualitative evidence of increased staining for ceramide in the airway
epithelium of people with CF. In contrast, Guilbault and colleagues demonstrated decreased ceramide
levels in a different mouse model, and in the serum of CF patients. For the latter findings, Vilela and
co-workers tried to explain the possible molecular mechanism involved. They stated that CF tracheal
epithelial cells exhibit elevated glutathione levels, which might reduce intracellular Cer content by
inhibiting neutral sphingomyelinase. Additionally, the heightened activation of the pro-inflammatory
transcription factor NF-kB appears to be associated with Cer deficiency [205]. A conclusive
explanation for these contradictory results remains elusive. However, potential factors such as
differences in the methods employed for ceramide measurement, distinctions in the characteristics of
various strains of cystic fibrosis mice, and variations in diets have all been suggested as contributing
factors. Despite all this, major part of the latest studies stands next to the evidence pointing out the
increased ceramide levels in CF pathology, responsible for pulmonary inflammation. In fact, it was
noted that deficient concentrations of acid ceramidase contribute to elevated levels of ceramide in
airway epithelial cells and alveolar macrophages of both CF mice and humans, especially for Cer
species with carbon chains C16:0, C18:0, and C20:0 [206]. This increase in ceramide results in
chronic inflammation, accelerated cell death, release of DNA into the bronchial lumen and thereby
an impairment of mucociliary clearance. In addition, the inefficient processing of ceramide
contributed to reduced levels of sphingosine, which correlates with the ineffective management of
infection and inflammation. This disproportionate relationship between Cer and sphingosine
enhances susceptibility to microbial colonization [207]. Moreover, the acidic pH in airway epithelial
cells of CF individuals also could contribute to the increased production of Cer, as most of the

glycohydrolases, which are responsible for GSL degradation, work at low pH values [72].

Lipid rafts have been demonstrated to play a role in various signaling pathways and are also
implicated in the internalization of diverse microorganisms [139, 140, 208]. As previously explained,
lipid rafts are dependent on the presence of cholesterol [44, 45] and sphingolipids, such as ganglioside
GML in the cell membrane [41, 42]. Reorganization of lipid rafts into larger membrane platforms is
triggered by various stimuli, in particular by bacteria and viruses, at the interaction site of the
pathogen with the cells. After infection, aSMase translocates from intracellular compartments to the

extracellular leaflet of the membrane in epithelial cells, where it is clustered and colocalized with
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these microorganisms. Activation and translocation of aSMase correlates with the hydrolysis of
sphingomyelin and the consequent release of ceramide, leading to the aggregation of lipid rafts into
large membrane platforms promoting the internalization of the pathogen [199]. Their formation
actives the start of signaling, either by concentrating a small number of suitable proteins into a large
local concentration, or by exclusion of certain proteins from this microenvironment [209]. Therefore,
the localization of a protein to lipid rafts often indicates that the protein is essential for some signaling
process. It is hypothesized that CFTR is recruited to ceramide-enriched membrane platforms upon
infection with P. aeruginosa [76], and that CFTR and GM1 colocalize at the site of P. aeruginosa
internalization in epithelial cells [210]. Interestingly, pharmacological inhibition of aSMase can
decrease Cer levels at the PM level, leading to an improvement in the inflammatory response to P.
aeruginosa infections in lungs of CF mice [63]. In addition, pharmacological inhibition also of
NLGase has been found to diminish the immune response to P. aeruginosa infection, by down-

regulation of pro-inflammatory cytokines, and reducement of Cer formation [211].

CFTR deficiency and its correlation with sphingolipids

As explained before, literature describes CFTR as a transmembrane protein associated with lipid rafts
[41-45, 210]. Given this characteristic, it is reasonable to hypothesize that the stabilization of the
protein or the modulation of its function is influenced by interactions within the microenvironment

where the protein resides, particularly by sphingolipids and cholesterol.

Indeed, some studies reported a relationship between CFTR expression and SL synthesis [137, 208].
Mutated CFTR or its reduced expression leads to an increased SL synthesis by enhancing the
expression of serine-palmitoyl CoA. As a consequence, content of SM, ceramide and sphinganine at
the PM level is increased [208]. Furthermore, it has been observed that the absence of CFTR leads to
a modification in plasma membrane ceramide composition, characterized by a higher content of long-
chain ceramide species, specifically C22, C24, and C26 [212]. The increased SL synthesis can be

interpreted as a compensatory mechanism to PM destabilization due to lack of CFTR protein.

Also, a direct correlation between PM levels of ganglioside GM1 and CFTR expression was
described. First of all, it was proved in bronchial epithelial cells of CF patients with F508del-CFTR
that reduced levels of CFTR in the PM is consistent with a reduced level of this ganglioside.
Moreover, CFTR was reported to reside in the same PM microenvironment as the GML1 in case of
WT-CFTR cells, which consistency is missing upon the F508del mutation, suggesting that GM1 is
an interactor of CFTR [43]. On the other hand, CFTR-silenced human airway cells showed a
decreased content of GM1 at the PM and, as GM1 was reported to cluster p1-integrin in the cell

membrane, a lower B1-integrin signaling [42]. As a consequence, cell motility is reduced contributing

42



Introduction

to diminished wound repair in human airway of CF patients [213]. Interestingly, administration of
GML1 to cells partially restores cell migration and CFTR recovery. In addition, the recuperation of
CFTR in CFTR-silenced cells by CFTR modulator therapies, significantly increases GM1 levels [42,
43]. Nevertheless, the pharmacological inhibition of CFTR in normal, non-CF cells decreases GM1

content.

Data was also published about the involvement of the PM microenvironment in the regulation of
CFTR function. Indeed, it was described that the decreased CFTR current can be caused by the
formation of Cer from SM hydrolysis, as the confinement of CFTR in ceramide-enriched membrane
platforms complicates channel activation by regulatory domain phosphorylation [214]. An
aggravating circumstance is the presence of P. aeruginosa, which has a SMase activity as a virulence
factor that hydrolyses SM in-situ, leading to the production of Cer. The reduced CFTR expression
and chloride secretion caused by P. aeruginosa is accompanied also by an impaired mucociliary
clearance and, as consequence, a decreased ability to clear bacteria [198, 210]. Furthermore, Cer
produced by bacterial SMase has an effect on CFTR stabilization, even influencing the regulation of
scaffolding protein, such as NHERF1 [215], and ERM (ezrin/radixin/moesin). The ERM complex
regulates cytoskeletal PM interaction, and by recruiting PKA to the proximity of CFTR, leads to its
activation [38]. Some data reported that Cer promotes ERM dephosphorylation and, as consequence,
its inactivation through protein phosphatases, resulting in a decreased activation of also the CFTR
[180].

In addition, the detection of CFTR in a detergent resistant membrane fraction isolated from airway
epithelial cells suggests that it is recruited to a plasma membrane microenvironment that is also
enriched in cholesterol [45]. Indeed, it has been revealed that human primary bronchial epithelial cells
harbor two dynamically distinct populations of CFTR in the plasma membrane. One that is in clusters
and displays confinement in lipid rafts, shows slow dynamics and sensitivity to cholesterol
concentration, and another that is diffusely distributed along the PM, more abundant, relatively
unconfined, showing higher dynamics. Therefore, these findings indicate that stability, cell surface
density, and size of CFTR clusters are cholesterol dependent, consistent with their association with

membrane microdomains [44, 45, 216].

Even though various studies have provided clear evidence that cystic fibrosis lung disease involves
altered sphingolipid metabolism, the direct contribution of SLs to the pathogenesis of CF remains
unclear. Advancements in comprehending the pivotal role of SLs in the pathophysiology of CF could
potentially pave the way for the development of innovative SL-based therapeutic strategies aiming at

enhancing the stability and function of the CFTR protein at the cell PM.
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The recent pharmacological therapies for the treatment of Cystic Fibrosis are based on the
development of small molecules able to correct the folding defects of the CFTR protein (correctors)
and ameliorate its functionality as a channel, once reached the plasma membrane (potentiators).

For CF patients carrying the most frequent CFTR mutation, F508del-CFTR, the first therapeutic
approach was based on the use of Orkambi, a combination therapy that includes a corrector,
Lumacaftor or VX-809, and a potentiator, Ivacaftor or VX-770. Unfortunately, this treatment showed
a time limited effect on the improvement of the disease phenotype having slight and very variable
impacts on lung function of CF patients [121, 122]. In fact, several studies indicated a possible side
effect of the potentiator lvacaftor on the stability of rescued CFTR by correctors [43, 121-123].
Besides Orkambi, there are currently three other available CFTR modulators to treat CF patients. The
recently approved one, Kaftrio, seems to be the most effective. It is a triple combination of two
correctors, Elexacaftor or VX-445, and Tezacaftor or VX-661, and the potentiator Ivacaftor. This
formulation has been shown to improve therapeutic efficacy in CF patients who carry at least one
CFTR allele with the F508del mutation. Despite the fact that the potentiator Ivacaftor is also present
in the new formulation, in cellular models Kaftrio shows a less significant instability effect of the
corrected protein at the PM than is observed in case of Orkambi. [133-135]. Indeed, many factors
contribute to PM CFTR stability and function, like its compartmentalization in lipid rafts, which are
restricted areas of the PM composed by phospholipids, cholesterol, sphingolipids, with particular
regards to monosialoganglioside 1 (GM1), and an important pool of proteins, including the
scaffolding proteins of CFTR, ezrin and NHERF-1 [41-45]. Interestingly, it has been proved that in
bronchial epithelial cells the lack of CFTR in the PM, such as in case of patients carrying the mutation
F508del, is associated with a decreased content of GM1. Restoration of its level, instead, could
stabilize CFTR, further supporting a possible role of the ganglioside in the CFTR interactome.
Moreover, recent works indicated that cholesterol depletion reduces CFTR clustering in membranes
domains and the fraction of CFTR in the confined populations, whereas these are both increased upon
cholesterol augmentation indicating a dependence of CFTR dynamics and distribution on cholesterol.

Based on these considerations, there is a clear need to develop new approaches to further stabilize
F508del-CFTR at the cell surface rescued by CFTR modulators. Therefore, with the aim of
contributing to the advancement of new therapeutic strategies that would make pharmacological
treatments more effective for CF patients, the main objective of my PhD project was to investigate
whether modifying the cellular content of ganglioside GM1 and/or cholesterol is adjuvant to stabilize
F508del-CFTR rescued by Kaftrio treatment. Furthermore, | also analyzed the effect of Kaftrio on
the protein, lipid, and enzyme composition involved in sphingolipid metabolism, in immortalized

human bronchial epithelial cells expressing either the WT or the F508del-CFTR.
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Cell models

To carry out the experiments, three main cell lines were used; CFBE41o-, WT CFBE, and F508del
CFBE, that are a generous gift from Giannina Gaslini medical Hospital of Genova belonging to “Cell
line and DNA Biobank from patient affected by Genetic Disease”. The WT and F508del CFBE cell
lines were obtained from CFBE410- cells that are human bronchial epithelial cells derived from CF
patients with homozygous F508del mutation that lost CFTR expression. They were immortalized
with the origin of replication defective SV40 plasmid (pSVori-). Starting from this parental cell line,
the lines overexpressing the wild-type CFTR (WT-CFTR, WT CFBE cell line) and the mutated CFTR
(F508del/F508del-CFTR, F508del CFBE cell line) were obtained through stable overexpression. The
cDNAs of the two protein variants were cloned into a lentiviral vector under the control of the human
cytomegalovirus (hCMV) promoter. The expression of CFTR has also been coupled to a resistance

to the antibiotic puromycin, which makes it possible to select only recombinant cells.

The cell lines are grown in disposable flasks of 75 cm? using Eagle's Minimum Essential Medium (E-
MEM, Sigma M2279), supplemented with 10% of foetal bovine serum (FBS), 2mM L-glutamine,
100 U/ml Penicillin, 100 pg/ml /Streptomycin, and puromycin 0.5 pg/mL (for WT CFBE) or 2 pg/mL
(for F508del CFBE) cells. Cells were cultured as monolayer in a humidified atmosphere at 37°C and
5% CO.. After reaching 90 % of confluence, cells were detached from the flasks using 0,5 g/L Trypsin
with 0,2 g/L EDTA in PBS (10 min, 37 °C) and plated at a density of 1,6 x10* cells/ cm? for @ 60

mm petri dishes and 2 x10* cells/ cm? for 6-well plates, according to the experiment to be performed.

Polarization of F508del CFBE cells

F508del CFBE cells were seeded onto Transwell Clear permeable filter inserts (12 mm in diameter,
pore size 0.4 um; Corning, Wiesbaden, Germany) at a density of 2x10° cells per cm? and grown in
Eagle's minimum essential medium (EMEM) supplemented with 10% foetal calf serum (FCS), 0.1
mM non-essential amino acids (NEAA), 2 mM L-glutamine, 100 pg/ml Streptomycin and 100 U/ml
Penicillin, at 37°C in a 5% CO> incubator. Starting on day 1 (i.e. 24 h after seeding), the volumes of
the apical and basolateral chambers were set as follows. For liquid-covered culture (LCC) of cells,
apical/basolateral fluid volumes were 500 pul/1,500 pl; for cells to be cultured under air-interfaced
culture (AIC) conditions, the apical medium was removed and the volume on the basolateral side was

replenished to 650 pl. The culture medium was changed every other day thereafter for 30 days.
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Cell treatment with CFTR modulators

Cells were subjected to treatment with the correctors VVX-445 (Elexacaftor) and VVX-661 (Tezacaftor)
and the potentiator VX-770 (lvacaftor). The combination of the two correctors with the potentiator
constitutes the formulation of the drug Kaftrio, supplied by MedChemExpress. VX-445, VX-661,
and VX-770 were solubilized in dimethylsulfoxide (DMSO) and administered directly into the cell
culture medium at the following concentrations: 3 uM for VX-661, 2 uM for VX-445 and 5 uM for
VX-770. As control, cells were treated with the same volume of DMSO at the concentration of 0,1 %

(v:v). Each of the modulators was administered to the cells for 24 hours.

Cell feeding with ganglioside GML1, Liga20 and LDL

GM1 or the molecular species of GM1 were solubilized in the complete cell culture medium at the
final concentration of 50 pM. In particular, appropriate amount of GM1 powder was solubilized in
methanol in a glass tube and dried under gentle nitrogen flux. After the total evaporation of the
solvent, complete cell medium was added and 5 cycles of shaking and sonication were performed
allowing the complete solubilisation of the ganglioside. Liga20 was solubilized as GM1 but at the
concentration of 10 uM. Both GM1 ganglioside, or its molecular species, and Liga20 were
administered to cells for a 24-hour incubation time at 37°C. After, cells were washed, harvested with
detergents containing protease inhibitor cocktail and processed for immunoblotting experiments as

described below in the “sample preparation” paragraph.

The commercially available h-LDL, human low-density lipoprotein, (Medix Biochemica) is a 0.2
micron filtered solution with 15% sucrose obtained from human plasma and is directly administered
to the cell culture medium of cells at a final concentration of 400 pg/ml. Cell were incubated with
LDL for 48 hours at 37°C and cells were collected for immunoblotting analyses as described below

in the “sample preparation” paragraph.

Pseudomonas Aeruginosa infection

Live, PAO1 wild-type, non-mucoid, piliated and motile laboratory strains of Pseudomonas
aeruginosa were used for infecting F508del CFBE cells. Prior to the experiment, bacteria from

overnight cultures in Trypticase soy agar (TSA) plates were grown in 20 ml of TSB broth at 37°C in
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agitation until a OD at 660 nm of about 1x10° colony-forming units/ml (CFU/ml) was obtained, as
determined by dilution plates. Bacteria were washed twice with PBS at 4°C to eliminate products
secreted into the extracellular environment, then bacteria were resuspended to a final dilution in cell
culture medium. The doses of bacteria were determined by plating aliquots of dilutions on TSA plates.
Cells were infected with PAO1 (50-100 CFU/cell) at 37°C, 5% CO; for 4 hours in the absence of

antibiotics.

Treatment with cycloheximide

The day after seeding F508del CFBE cells on @ 60 mm petri dishes, cells were subjected to the
different treatments with correctors (VX-445 and VX-661) and potentiator (VX-770) and/or
exogenous GM1, in the presence or not of PAOL infection for 4 hours. Cells were collected at
different time points, such as 8, 9, 11 and 13 hours after the addition of cycloheximide at a
concentration of 100 pg/ml to the cell cultures. CFTR content was evaluated by Western Blot

analysis.

Cell viability assays
Calcein assay

Calcein assay is a cell viability assay based on the use of the calcein-acetoxymethyl ester (Calcein-
AM), a highly lipophilic cell-permeant dye which rapidly crosses the PM of viable cells. Once
internalized, cellular esterases remove the acetoxymethyl ester group from calcein which thus can
emit fluorescence and can no longer cross the PM of cells. F508del CFBE cells were seeded in a 96-
well microplate at a density of 1,8 x10* cells/cm®. The day after seeding, cells were treated with 400
pg/ml LDL for 24 hours or for 48 hours with the presence of Kaftrio BuM VX-661, 2uM VX-445,
5uM VX-770) in the last 24 hours. After the removal of culture medium, cells were washed once with
PBS solution (137 mM NacCl, 2,7 mM KCl, 10 mM Na;HPOys, 1,76 mM KH>PO4, pH 7,4) and then
incubated with Calcein- AM solution at the final concentration of 0.005 pg/ul solubilized in cell
culture medium (15 minutes, 37 °C). At the end of incubation, Calcein-contained solution was
discarded, and cells were lysed by the addition of 1 % Triton X-100 in TNEV buffer. The microplate
was incubated in mild agitation for 10 minutes in dark conditions and then the reaction volume was
transferred to a black microplate (Black, 96- well, OptiPlate- 96 F, Perkin Elmer) for the fluorescence

detection by a Victor microplate reader (Perkin Elmer) (ex/ em 495/ 515 nm).
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Samples preparation

Cell lysates were prepared from cells cultured and processed either in @ 60 mm petri dishes or 6-well
plates. For lipid and enzymatic activity analysis, the medium was removed by aspiration and then two
washes were carried out with cold PBS. To obtain cells lysates, cells were harvested in Milli-Q water
supplemented with protease cocktail inhibitor (Sigma P8340) using disposable scrapers and
transferred to 2 ml Eppendorf tubes. They were then subjected to 3 cycles of sonication using an
ultrasonic pulse homogenizer at 25 db for 10 seconds. After determining the protein content of the

samples, cell lysates were subjected to lyophilisation to proceed with the lipid analysis.

Instead, for immunoblotting analysis, the medium was removed by aspiration and then two washes
were carried out with cold PBS followed by harvesting cells in RIPA buffer (150 mM NaCl, 50 mM
Tris-HCI pH 7.4, 1% Triton 100, 0.5% Na deoxycholate, 0.1% SDS) supplemented with Protease
Inhibitor Cocktail (Sigma P8340) using disposable scrapers and transferring them to 1,5 ml
Eppendorf tubes. These aliquots were subjected to lysis on ice for 20 minutes to obtain complete
disruption of the cell membranes. Subsequently, cell lysates were centrifuged at 15000g for 10
minutes at 4°C to sediment any insoluble material. At the end, supernatants were transferred into new
Eppendorf tubes before proceeding with the protein assay. Denatured cell lysates were stored at
—80°C and thawed immediately before performing electrophoretic separation.

Identification of the protein content
Determination of the protein content through DC-protein assay

Protein content of lysates dedicated either for lipid analyses or enzymatic activity analysis was
determined using DC Protein Assay (Bio-Rad), which is based on Lowry’s method. The assay was
performed in a 96-well microplate using 5 pl of H20 for the background, 5 pl of bovine serum albumin
(BSA) with increasing concentrations for the standards (0,375 ug/uL, 0,75 pg/ulL and 1,5 pug/uL
respectively), and 5 ul of each cell lysate. After sequential addition of 25 ul of reagent A (alkaline
solution of copper tartrate) and 200 pl of reagent B (dilution of Folin reagent), the microplate was
incubated in mild agitation for 15 minutes at RT, followed by spectrophotometric reading at 750 nm
wavelength by a microplate reader (Victor, Perkin-Elmer). Protein content was calculated by
interpolation of the average absorbance value of the sample within the calibration curve built using

BSA standards. The assay was considered linear in a 0.2-2 mg/ml range.
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Determination of the protein content through BCA-protein assay

In order to quantify the protein content of the lysates dedicated for immunoblotting, the BCA
(bicinchoninic acid) protein assay was used (WQPRO-BCA kit Micro Cyanagen). This protein assay
is based on the biuret reaction, which is the reduction of Cu?* to Cu* by proteins in an alkaline solution
with concentration-dependent detection of the monovalent copper ions. The assay was performed in
a 96-well microplate using 150 pl of RIPA buffer 0.1X for the background, 150 pl of BSA
resuspended in 0.1X RIPA buffer at different concentrations (4 pg/mL, 8 ug/mL, 16 pg/mL, 32
ug/mL) as standards, and 150 pl of the samples diluted 1:100 with RIPA buffer 0.1X. Subsequently,
150 pl of the solution used for the colorimetric reaction was added to each well, containing reagents
A (alkaline solution of sodium potassium tartrate), B (4% BCA in H20) and C (4% CuSO4 in H20)
mixed in a 25:24:1 ratio. The microplate was incubated in mild agitation for 2 hours at 37°C, followed
by spectrophotometric reading at 570 nm wavelength by a microplate reader (Victor, Perkin-Elmer).
Protein content was calculated by interpolation of the average absorbance value of the sample within
the calibration curve built using BSA standards. The assay was considered linear in a 2-40 ug/ml

range.

Immunoblotting

Aliquots of lysates dedicated to the analyses of CFTR by immunoblotting experiments were
denatured in Laemmli buffer 5X (10% SDS, 0,5M DTT, 0,25 M Tris-HCI pH 6,8, 0,05%
Bromophenol blue, 50% glycerol) and heated at 37°C for 10 minutes. Proteins were separated by
SDS- PAGE using a 4- 20 % polyacrylamide gradient gel (Mini- PROTEAN® TGX™ Precast Gels,
Bio-Rad) in a Mini- Protean- IV Cell electrophoretic cell. Also, Precision Plus Protein Standard (Bio-
Rad) was loaded consisting of a mixture of polypeptides of known molecular weights between 10 and
250 kDa, used for the purpose of following the electrophoretic run and being able to visualize the
migration of proteins at different molecular weights. The electrophoretic run was performed at
constant voltage (60 V in stacking gel and 160 V in running gel) in running buffer (Tris-HCI 25 mM,
glycine 192 mM and 0.1 % SDS, pH 8,3).

Separated proteins were transferred on Turbo Polyvinylidene-difluoride (PVDF) Mini-membrane
(Bio-Rad) using a Trans-Blot® Turbo™ Blotting System (Bio-Rad) for 7 minutes at a constant
voltage of 25 V and current intensity of 1.3 A. To verify the protein transfer, PVDF membranes were
stained using Red Ponceau dye (Ponceau Red dye 0.1 %, Acetic Acid 5% in H2O) for 5 minutes under
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mild agitation. Membranes were then rinsed in Milli- Q H2O and then in Tris-buffered Solution (Tris-
HCI 10 mM, NaCl 150 Mm) with 0.1 % Tween-20 pH 8 (TBS-T 0.1 %) three times and blocked with
blocking solution (5 % skim milk in TBS-T 0.1 %) for 2 hours at RT, in order to block unspecific
binding sites. Afterwards, the PVDF membranes were incubated with different primary antibodies
diluted in the blocking solution at the following dilutions: monoclonal mouse anti-CFTR (Cystic
Fibrosis North American Foundation, Antibody 596), 1:2000; monoclonal mouse anti-zonula-
occludens 1 (ThermoFisher , ZO-1-1A12) 1:500; monoclonal mouse anti-N-cadherin (BD, #610920),
1:1000; monoclonal mouse anti-E-cadherin (BD, #610181), 1:1000; monoclonal mouse anti-integrin
Bl (BD, #610468), 1:1000; monoclonal mouse anti-EBP50 (NHERF1, BD, #611161), 1:500;
monoclonal mouse anti-Ezrin (BD, #610603), 1:500; monoclonal mouse anti-Calnexin (BD,
#610524), 1:1000; polyclonal mouse anti-GAPDH (Immunological Sciences, MAB-10578),
1:10000; monoclonal mouse anti- B-Actin (Cell Signaling, #3700), 1:2000; polyclonal mouse anti-
caveolin-1 (BD, #610060), 1:5000. After overnight incubation at 4 °C in light agitation, the excess of
the antibodies was removed washing the PVDFs three times in TBS-T 0.1 %. Then membranes were
incubated for 1 hour at RT with the appropriate secondary antibody, such as; goat- anti-mouse
horseradish peroxidase (HRP) conjugated (Thermo Fisher: dilution: 1: 2000 or 1: 10000 for highly
diluted primary antibodies i.e. anti- GAPDH), or goat- anti-rabbit HRP-conjugated (Immunological
Sciences, dilution: 1: 10000). Both secondary antibodies were conjugated to HRP and were diluted
in blocking solution.

After removal of the secondary antibody solutions, membranes were washed three times in TBS-T
0.1 % and incubated with a commercial solution containing luminol (WESTAR nC, Cyanagen) for 2
minutes in dark conditions to assess the peroxidase activity. The chemiluminescent signal was
revealed through Alliance Mini HD9 (UV TECH Cambridge) digital system and quantified by ImageJ
software. The chemiluminescent signal revealed was normalized on the signal of the housekeeping

protein glyceraldehyde- 3-phosphate dehydrogenase (GAPDH).

Isolation and analysis of the proteins associated with the PM
Cell surface protein biotinylation and isolation of PM proteins by streptavidin pulldown assay

In order to evaluate the protein content at the plasma membrane level, CFBE epithelial bronchial cells
were precipitated exploiting a biotin/streptavidin pulldown assay. F508del CFBE cells were treated
or not with Kaftrio for 24 hours, also in the presence or not of GM1, its molecular species, Liga20

and/or LDL. At the end of incubation, medium was removed by aspiration and two washes were
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carried out with cold PBS followed by incubation with 1 mg/ml of EZ-Link™ Sulfo-NHS-Biotin
(Thermo Fisher Scientific, Waltham, MA, USA) in PBS, pH 7.4 (1 ml/MW®6, 3 ml/ @ 60 mm) for 30
minutes at 4°C. Under these experimental conditions the internalization of the biotin derivative does
not occur and biotinylation is restricted to the cell apical surface proteins by the formation of an amide
linkage between the biotin and a lysine residue. After biotin labeling, cells were rinsed three times
with 100 mM Glycine in PBS to remove the excess of unbounded biotin and then washed twice with
ice-cold PBS. Subsequently, cells were mechanically harvested directly in the lysis buffer consisting
in 1% Triton X-100 in 10 mM TNEV buffer (10 mM Tris-HCI, 150 mM NaCl, 5 mM EDTA, pH 7.5)
supplemented with Protease Inhibitor Cocktail (Sigma-Aldrich, St. Louis, MO, USA). Cells were
transferred in Eppendorf tubes and lysed for 20 minutes in ice. Cell lysates were centrifuged at 4°C
for 10 min at 150009 to remove nuclei and cellular debris. The resulting post nuclear supernatants
(PNS) were assayed for protein content and aliquots were taken for immunoblotting, as described

before.

Other aliquots, corresponding to 150-250 pg of proteins, were precipitated using 300 uL
Dynabeads™ M-280 Streptavidin (Thermo Fisher Scientific). The mixtures were stirred overnight at
4°C and then the day after centrifuged to obtain the SAP (supernatant after precipitation) containing
the intracellular proteins, and the pellet, namely the precipitate, containing the biotinylated, cell
surface proteins, with the help of a multimagnet. To disrupt the link between the biotin and the
streptavidin and to recover the biotinylated proteins the precipitate was first subjected to lipid
extraction following the protocol described below in the “total lipid extraction” paragraph.
Afterwards, the precipitate was incubated at 60°C for 15 minutes, and then at 100°C for 5 minutes in
Laemmli buffer 1X to obtain the fraction corresponding to the cell surface proteins (P60 and P100),
Aliquots of PNS, SAP, P60 and P100 were analysed by immunoblotting for CFTR and other proteins,
loading a ratio 1:1 for PNS and SAP, and 1:6 for PNS/SAP and P60/P100.

Detection of biotinylated proteins

For the detection of specific antigens associated with the fractions PNS, SAP, P60 and P100, the same
protocol was followed described for immunoblotting. For the observation of the pattern of
biotinylated proteins, after incubation with the blocking solution, PVDF membranes were directly
incubated with streptavidin conjugated to HRP (Vector, SA 5004), diluted in blocking solution 1:
2000, for 2 hours at RT. Afterwards, they were washed three times in TBS- T 0.1 % and incubated

with a commercial solution containing luminol, as previously described.
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Evaluation of the lipid content
Sphingolipid labelling with [1- *H]-sphingosine

Cells plated in Petri dishes (@ 60 mm) were fed with radioactive [1-*H]-sphingosine to metabolically
label at the steady state all cell’s sphingolipids, and the phosphatidylethanolamine, a
glycerophospholipid derived from the catabolism of [1-*H]-sphingosine. Briefly, radioactive
sphingosine solubilized in methanol was dried under nitrogen flow and the residue was solubilised in
complete culture medium through 5 cycles of shaking and sonication, at the concentration of 3x10°8
M (specific radioactivity 1.36 Ci/mmol), which is largely below to the cytotoxic one. An aliquot of
the culturing medium was counted by liquid scintillation with an instrument that counts the beta-
particles, namely the Beta-counter (PerkinElmer), to evaluate the percentage of solubilisation of the
tritiated sphingosine. After a 2-hour long incubation (period called pulse), the radioactive medium
was replaced with fresh culture medium, and cells were maintained in culture for another 48 hours
(period called chase) and then they were treated with CFTR-modulators (3 uM VX-661, 2 uM VX-
445, 5 uM VX-770) for 24 hours. To quantify the radioactivity internalized by the cells, the
radioactivity of both cell culture mediums (after-pulse and after-chase periods) was counted.
Afterwards, cells were harvested as described in the “sample preparation” paragraph to perform lipid

analyses.

Total lipid extraction

To perform lipid extraction, cell lysates were subjected to lyophilisation to remove water. Lyophilised
pellets were resuspended in CHCI3: CH3OH: H2O (2: 1: 0.1, v: v: v). After the addition of each
solvent, the samples were vortexed, sonicated in a H20 bath for 5 minutes and then mixed at 1,400
rom for 10 minutes at RT using ThermoMixer® (Eppendorf). Consequently, samples were
centrifuged at 13,000 g for 10 minutes at RT. The supernatants, containing the total lipid extracts
(TLE), were collected in Eppendorf of 2 ml, while the pellet was subjected to a second extraction
with CHCl3: CH3OH (2: 1, v: v), repeating all the steps described before. Each supernatant of the
second extraction was added to the corresponding first one and all the total lipid extracts were dried
under nitrogen flow and resuspended in a known amount of CHClz: CH3OH (2: 1, v: v) before
proceeding with the lipids analyses by High- Performance Thin Layer Chromatography. The
radioactivity of the TLEs’ was counted with the Beta Counter.
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Two- phase partitioning

Aliquots of the TLE were then subjected to a two- phase partitioning, resulting in the separation of
an aqueous phase containing the more hydrophilic lipids, mostly the gangliosides, and an organic
phase containing the more hydrophobic lipids. Aliquots of TLE, corresponding to equal amounts of
radioactivity per sample, were dried under nitrogen flow and then resuspended in 1 ml of CHCls:
CH30H (2: 1, v: v) and 20 % of Milli- Q H20O. Samples were vortexed, sonicated in a H>O bath for 5
minutes and mixed at 1,400 rpm for 10 minutes at RT using ThermoMixer® (Eppendorf). Afterwards,
samples were centrifuged at 500 g for 10 minutes at RT obtaining the separation of the two phases.
The upper aqueous phase (AP) was collected in Eppendorf of 1.5 ml while the lower organic phase
(OP) was subjected to a second extraction with 400 pl of CHCl3: CH3OH: H20 (3: 48: 47, v: v: v),
vortexed, sonicated in a H>O bath for 5 minutes and then mixed at 1,400 rpm for 10 minutes at RT
using ThermoMixer® (Eppendorf). After centrifugation at 500 g for 10 minutes at RT, again, the two
phases were obtained and the upper, aqueous phase of each sample was transferred to the tube

containing the previously taken aqueous solutions.

All the AP were subjected to H>O dialysis to remove the salts, then they were lyophilised, and
resuspended in the appropriate volume of CHCl3: CH30H (2: 1, v: v). Instead, the OP were dried
under nitrogen flow and resuspended in a known volume of CHCI3: CH30H (2: 1, v: v) before
proceeding with the lipid analyses by High- Performance Thin Layer Chromatography (HPTLC). The

radioactivity of the aliquots of the AP and OP was counted with the Beta Counter, as described before.

Lipid analysis by High- Performance Thin Layer Chromatography

For the analyses of the radioactive lipids, the radioactivity associated with the TLE, AP, and OP was
evaluated by liquid scintillator and equal amounts of radioactivity (1000 disintegrations per
minute/dpm) were loaded on mono-dimensional HPTLC (Silica gel 60; Merck Millipore™ -
stationary phase) for lipid separation. In the case of endogenous lipid pattern, equal amounts of cell
proteins of OP were loaded on HPTLC. The following solvent systems were used as mobile phases:
to separate lipids of the TLE and the OP to analyse neutral glycolipids: CHCI3: CH30H: H20 (110:
40: 6, v: v: v); to separate lipids of the AP in order to evaluate the ganglioside pattern: CHCl3: CH3;0OH:
0.2 % CaCl, (50: 42: 11, v: v: v); to separate the cholesterol content of cells: C¢Hi4: CH3CO.CH>CH3
(3:2, viv).

The identification of lipids after separation was assessed by co- migration with authentic lipid

standards. Radioactive lipids were detected and quantified by radioactivity imaging performed with
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a BetalMAGER™ Tracer instrument (BioSpace) where counting each detected radioactive emission
provides a real-time two-dimensional image of the spatial distribution of radioactivity on the HPTLC.
The radioactivity associated with individual lipids was determined with M3 Vision software and
normalized on the radioactivity of each sample, expressed as percentage. On the other hand,
endogenous lipids of the OP were detected by spraying the HPTLC with anisaldehyde reagent,
quantifying the intensity of the bands with ImageJ software and normalizing them on the samples’

protein content. Data are expressed as fold change (in percentage) with respect to untreated cells.

Evaluation of enzymatic activities
Evaluation of enzymatic activities in total cell lysates

Enzyme activities of glycohydrolases were determined in lysates of CFBE4lo-, WT CFBE, and
F508del CFBE cells treated or not with Kaftrio. Evaluated enzymes were the following: B-glucosidase
(B- Glc TOT), B- glucocerebrosidase (GCase), non- lysosomal - glucocerebrosidase (NLGase), -
galactosidase (B- Gal), total B-Hexosaminidase (B- Hex TOT), B-Hexosaminidase A+S (B- Hex A+S),
sphingomyelinase (SMase), a- mannosidase (a- Man) and - mannosidase (B- Man). The enzymatic
assays involve the use of fluorogenic substrates composed of the specific saccharide recognized by
the enzyme conjugated to the fluorophore methylumbelliferone (MUB). The different enzymes
catalyse the covalent bond cleavage and release MUB. In this condition MUB at alkaline pH emits a
fluorescent signal, which can be detected by a fluorimeter (Victor, Perkin- Elmer) at excitation/

emission 360/ 450 nm.

Cell lysates obtained from the three different cell lines, treated or not with Kaftrio, were prepared in
H>O as described in the “sample preparation” paragraph, and then assayed for protein content by DC
protein assay (Biorad). The assay was set up in triplicate in 96-well transparent plate, with a final
reaction volume of 100 pul. As background for each enzymatic assay, wells have been set up with the
same experimental conditions replacing the volume of the cell lysate with equal volume of H>O, to
evaluate substrates auto-hydrolysis. Each reaction mixture has been put at 37 °C on gently agitation
for at least 1 hour, then 10 pl of the reaction mixture were transferred to a black 96- well plate (Black,
96- well, OptiPlate 96 F, Perkin Elmer) and 190 ul of 0.25 M glycine pH 10.7 was added to stop the
reaction and to reach the maximum fluorescence emission peak of the free MUB. Plates were analysed
through a microplate reader (Victor, Perkin Elmer). Picomoles of the converted substrates were
calculated with a free MUB standard at known concentration and the specific activity of the enzymes

was expressed as picomoles of converted substrate/ hours/ mg of proteins.
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As for the substrates used, MUB-B-Glc, MUG-B-Gal, MUG, MUGS, MUB-a-Man, and MUB-B-Man
were all purchased from Glycosynth, and HMUB-PC from Moscerdam.

B- Glc TOT, GCase and NLGase

Aliquots of the lysates corresponding to 20 ug of proteins were pre-incubated for 30 minutes at RT
in a 96- well plate with a reaction mixture composed of: 25 pl of Mcllvaine buffer 4X (0.4 M citric
acid, 0.8 M Na,HPO4) pH 5.2 to assay GCase or pH 6 to assay NLGase, the specific inhibitor of the
other counter- enzyme to discriminate either GCase or NLGase activity, if needed, and H>O to reach
to the final volume of 75 pl. Lysates were pre-incubated for 30 minutes at RT with the inhibitors;
conduritol B epoxide (CBE) used at the final concentration of 0.5 mM to inhibit GCase; while AMP-
DNM (Adamantane- pentyl- ANM;N- (5-adamantane-1-yl-methoxy-pentyl)-Deoxynojirimycin) has
been used at the final concentration of 5 nM to inhibit NLGase. The enzymatic reaction was then
started adding 25 pl of the specific fluorogenic substrate, 4-Methylumbelliferyl--D-glucopyranoside
(MUB-B-Glc) at a final concentration of 6 mM.

B- salactosidase, B- hexosaminidase, a- and B- mannosidase

Aliquots of the lysates corresponding to 8 pg (for f-Gal and - Hex tot) or 16 pg (for B-Hex A+S, a-
and - Man) of proteins were incubated with a reaction mixture composed of: 25 pl of Mcllvaine
buffer 4X pH 5.2, 50 pl of the specific florigenic substrate 4-Methylumbelliferyl-p-D-
galactopyranoside (MUB-B-Gal) for B- Gal, 4-Methylumbelliferyl N-acetil B-D-glucosaminide
(MUGQG) for B- Hex tot, 4-Methylumbelliferyl- N-acetil B-D-glucosaminide-6-sulfate (MUGS) for -
Hex A+S, 4-Methylumbelliferyl o-D-mannopyranoside (MUB-o0-Man) for a-Man and 4-
Methylumbelliferyl f-D-mannopyranoside (MUB-B-Man) for - man at a final concentration of 500
uM, and H>O to a final volume of 100 pl.

SMase

Aliquots of the lysates corresponding to 20 pg of proteins were incubated with a reaction mixture
composed of: 25 pl of Mcllvaine buffer 4X pH 5.2, 50 ul of the specific florigenic substrate 6-
hexadecanoyl amino-4-Methylumbelliferyl-phosphorylcholine (HMU-PC) at a final concentration of
250 uM, and H2O to a final volume of 100 pl. In addition, for the detection of fluorescence due to
hydrolysis of HMU-PC a concentration of 0.2 % Triton X-100 had to be added to the glycine solution.
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GM3 Synthase and Sialidase Neu3

GM3 synthase activity was measured using the radioactive derivative of its natural substrate,
[*H(sphingosine)]-LacCer. The assay is performed in 150 mM sodium cacodylate-HCI buffer pH 6.6,
using an aliquot of cell lysate at the final concentration of 20 mg of cell protein/ml, in presence of
protease inhibitors. The day before the scraping of cells, the buffer mixture, containing LacCer
micelles, is prepared as the following: in each reaction tube, 10 ul of Triton CF-54 1.5% (v:v) in
CHCI3: CH3OH (2:1, v:v) were mixed with 0.5-50 nmol of [3H(sphingosine)]-LacCer (corresponding
to 45 nCi) from a stock solution in CHCls: CH3OH (2:1, v:v), and dried under nitrogen flow. To this
mixture, 8 pl of 750 mM sodium cacodylate-HCI buffer pH 6.6, 4 pl of 125 mM MgCl,, and 4 pl of
125 mM 2-mercaptoethanol were added. Tubes were vortexed and sonicated and maintained
overnight at 4°C. The day after, cells were harvested, collected, and homogenized with a Dounce
homogenizer (10 strokes, tight) in 150 mM sodium cacodylate-HCI buffer, pH 6.6, in the presence of
protease cocktail inhibitor (Sigma P8340). Then, 10 ul of 5 mM CMP-NeuAc, and 10 pl of cell
homogenate (containing 200 ug of proteins) were added to the buffer mixture in a total reaction
volume of 50 pl. Negative controls were performed using heat-inactivated cell homogenates (samples
boiled at 100 °C for 3 minutes). The incubation was performed at 37 °C for 3 hours with continuous
shaking.

Instead, activity of sialidase Neu3 was determined in the total cell homogenate using 6 uM [3-
3H(sphingosine)]-GM3 as natural substrate in the presence of detergent Triton X-100. The substrate
is prepared as the following: in each reaction tube 5 nmoles of GM3 were mixed with 45 nCi of
[*H]GMS3 and dried under nitrogen flow. Afterwards, 10 pl of Triton X-100 (0.5% v:v) were added
and tubes were sonicated and vortexed 5 times followed by a gentle shaking at 37°C for 30 minutes
with ThermoMixer® (Eppendorf). Subsequently, cells were harvested, collected, and homogenized
in water in the presence of protease cocktail inhibitor (Sigma P8340). 35 pl of cell lysate
(corresponding to 50 g of proteins), and 5 pul of 0.1 M sodium acetate/acetic acid buffer pH 4.5 were
added to each reaction tube already containing the GM3 micelles in a total reaction volume of 50 pl.

The incubation was carried out for 1 h at 37 °C with gentle shaking.

Both reactions were stopped by the addition of 1.5 ml of CHCI3: CH30H (2:1, v:v). Aliquots of the
lipid extracts, obtained from each enzymatic reaction mixtures, were analysed by HPTLC using the
solvent system CHCls: CH3OH: 0.2 % CaCl, (50: 42: 11, v: v: v). After the chromatographic run, the
separated radioactive lipids were detected and quantified by radioactivity imaging performed with
BetalMAGER™ Tracer instrument (BioSpace) and the radioactivity associated with the individual

lipids was determined with the specific M3 Vision software. By digital autoradiography
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quantification the intensity of the bands was identified, one corresponding to the radioactive substrate,

the other to the radioactive product.

Evaluation of enzymatic activities at the cell surface of living cells

For the same enzymes whose activity was assessed in cell lysates of CFBE41o-, WT CFBE and
F508del CFBE cells treated or not with Kaftrio, as described in the previous paragraph, cell surface-

associated enzymatic activity was also evaluated.

In this case, a protocol developed for measuring surface enzymatic activities in living cells was used,
which involves plating cells directly into the wells of a 96-well plate and using the same
MUB/HMUB-conjugated florigenic substrates used previously, dissolved directly in DMEM-F12
medium at pH 6. For each cell line, 3 x10%/ cm? cells were plated in each well in triplicate of all the
enzymes previously considered. The following day, cells were treated with the components of Kaftrio
or DMSO for the control condition for 24hours, after which the assay was performed. To assess the
possible auto-fluorescence of the substrates, 100 pl of them were added to wells in which cells were
not plated. The enzymatic reaction was conducted for 2 hours at 37°C under mild agitation. At the
end of incubation, 10 pl of the reaction mixture was transferred to 96-well black plate (Black, 96-
well, OptiPlate 96 F, Perkin Elmer) and 190 pl of 0.25 M glycine pH 10.7 was added to stop the
reaction and to reach the maximum fluorescence emission peak of the free MUB. Fluorescence was
assessed by a spectrophotometer (Victor, Perkin Elmer, Aex/Aem=360nm/450nm) and compared to a

standard of known concentration of free MUB or free HMUB.

Cells from the three cell lines were plated in triplicate to wells that were not subjected to evaluate the
enzymatic activity but to determine the protein content with DC protein assay (Bio-Rad) after lysis
in H2O carried out directly in the well. In this way, enzyme activity could be expressed as picomole

of product formed/hour/mg of protein.

B- Glc TOT, GCase and NLGase

The medium was removed by aspiration from each well and then one wash was carried out with 100
ul of DMEM-F12. The wells used to assess GCase and NLGase activity were preincubated for 30
minutes at room temperature with the inhibitors; 50 pul of DMEM-F12 in the presence of either AMP-
DNM at a concentration of 400 nM to assess GCase activity or CBE at a concentration of 40 mM to

assess NLGase activity.
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Then, the preincubation solution was removed and 100 ul of MUB-B-Glc in DMEM-F12 was added
at a final concentration of 6 mM to the cell monolayers, to which the two different inhibitors were
appropriately administered. Similarly, the same substrate in DMEM-F12 was added, but without the

presence of any inhibitors, to the wells used for the evaluation of B-Glc tot activity.

B- salactosidase, B- hexosaminidase, SMase, a- and B- mannosidase

To evaluate the activity of the other enzymes, medium was aspirated from the wells, and they were
washed with DMEM-F12. Afterwards, 100 ul of the appropriate substrate dissolved in DMEM-F12
was added to each well. The following substrates and concentrations were used: MUB-B-Gal at the
concentration of 500 uM for B-Gal activity; MUG at the concentration of 1 mM for B-Hex tot activity;
MUGS at the concentration of 1 mM for B-Hex A+S activity; MUB-a-Man at the concentration of 1
mM for a-Man activity, MUB-B-Man at the concentration of 1 mM for B-Man activity.

SMase

To evaluate the activity of the SMase, medium was removed from the wells, and they were washed
with DMEM-F12. Afterwards, 100 pl of the substrate HMU-PC at the concentration of 10 uM
dissolved in DMEM-F12 was added to each well. In addition, for the detection of fluorescence due
to hydrolysis of HMU-PC a concentration of 0.2 % Triton X-100 had to be added to the glycine

solution.

Statistics

All the experiments were performed in triplicate and repeated three times. Data are represented as the
mean values + standard deviation and were tested for statistical significance exploiting Student’s t-

test analysis (GraphPad Prism software), with p <0.05 as significant.

60



61

Results

RESULTS



Results

In-depth characterization of the effect of CFTR variant expression on membrane
organization in bronchial epithelial cells.

As it is well known, in airway epithelial cells CFTR is associated with other proteins forming a
macromolecular complex that, along with cholesterol and sphingolipids, is essential for its stability
and function at the PM level. Based on this premise, | assessed whether the expression of different
forms of CFTR has a specific effect on the protein, lipid, and/or enzyme composition involved in
sphingolipid metabolism in immortalized human bronchial epithelial cells, and how the treatment
with CFTR modulators could have an impact on these patterns. Three cell lines were used to conduct
the experiments; CFBE410- (parental cells) which have lost CFTR expression, as well as two other
cell lines generated from CFBE410- cells by stable transfection to overexpress either the WT form of
CFTR (WT CFBE cells) or the most common CFTR mutation, F508del (F508del CFBE cells).

First, | carried out immunoblotting experiments to evaluate the CFTR expression in the presence or
absence of Kaftrio. As can be seen in Figure 15, which shows the analysis of CFTR expression in
CFBE41o-, WT CFBE, and F508del CFBE cell lysates, an extremely different protein pattern is
observed in the three cell lines. In particular, the electrophoretic mobility of the protein indicates the
degree of CFTR maturation: the mutated form, corresponding to the immature, incompletely
glycosylated protein, has a molecular weight of approximately 140 kDa and is referred to as "band-
b", while the protein that undergoes proper trafficking to the Golgi apparatus and complete
glycosylation reaching therefore a through maturation has a higher molecular weight, approximately
160 kDa, and is referred to as "band-c". In case of WT CFBE cells, mainly the mature form of the
protein (band-c) is expressed, as expected. Instead, in cells overexpressing the mutated protein,
F508del-CFTR, the only form of the protein visible by immunoblotting is the immature form, band-
b. Nevertheless, in case of the CFBE410- cell line, characterized by the loss of CFTR expression,

neither the immature nor the mature form of the protein is observed.

To date, the mutated protein, F508del-CFTR, can be rescued treating cells with Kaftrio, a CFTR-
modulator consisting of two correctors, VX-661 (Tezacaftor) and VX-445 (Elexacaftor), and a
potentiator, VX-770 (lvacaftor). These three drugs were administered to the F508del CFBE cells at
final concentrations of 3 uM for VX-661, 2 uM for VX-445, and 5 uM for VX-770, respectively.
Cells were incubated for 24 hours, and then harvested, lysed and cell lysates were analysed by
immunoblotting. As observed in Figure 15, Kaftrio has an important effect in the maturation of the

mutated protein, leading to the appearance of the band-c in F508del CFBE cells. However, when
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Kaftrio is administered to cells overexpressing the WT form of the protein, it enhances the expression
of WT-CFTR. Clearly, no effect was observed on CFBE41o0- cells.
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Figure 15. Expression of CFTR in CFBE41lo-, WT CFBE, and F508del CFBE cells, treated or not with
Kaftrio.

CFBE4lo-, WT CFBE, and F508del CFBE cells were incubated for 24 hours with 3 pM VX-661, 2 uM VX-
445, and 5 uM VX-770, and subsequently subjected to lysis. Equal amounts of proteins from lysates of cells
were separated by SDS-PAGE, followed by electroblotting and chemiluminescent immunodetection after
membrane incubation with primary antibodies and HRP-conjugated secondary antibodies. The figure shows a
representative image of immunoblotting against CFTR and GAPDH (A), and a graphical representation of the
data obtained after semi-quantitative densitometric analysis with ImageJ software (B). Changes in CFTR
expression levels are expressed in arbitrary units as a ratio of the expression of band-c and-b, normalized on
GAPDH. *p<0,05, **p<0,01 vs untreated cells, °°p<0,01 vs WT CFBE control cells.

Subsequently, with immunoblotting experiments | assessed the expression of different proteins that
are significant in the stabilization of CFTR at the PM level. In the past, it has been observed that the
expression of aberrant forms of CFTR influences the protein pattern. To better characterize this
aspect, | analysed the expression of NHERF-1 and Ezrin, the main scaffolding proteins belonging to
the macromolecular complex of CFTR, that are responsible for its stability and functionality at the

PM level, also after treatment with Kaftrio.

As shown in Figure 16, a higher expression of NHERF-1 can be observed in CFBE41lo- cells
compared to cell lines overexpressing the wild type, as well as the mutated form of CFTR. However,
Kaftrio treatment appears to increase the expression of the protein in WT CFBE and F508del CFBE
cells. Conversely, no significant variation in Ezrin expression was observed in neither of the cell lines

nor following Kaftrio treatment.
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In addition, | evaluated the expression of caveolin-1 (CAV-1), a typical protein in lipid rafts which
organizes membrane invaginations that can also facilitate the internalization of external elements.
Immunoblotting was used to investigate whether CFTR expression, or the lack of it, on the cell surface
influences the expression of CAV-1. Increased levels of CAV-1 can be observed in cells
overexpressing WT-CFTR compared to CFBE41o- parental cells, which do not express CFTR.
Interestingly, the expression of the mutated form of CFTR in F508del CFBE cells, where there is a
decreased level also of the CFTR due to the mutation, further decreased the expression of CAV-1.

The drug treatment appears to have no effect on the expression levels of this protein.
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Figure 16. Expression of EZRIN, NHERF-1, and Caveolin-1 in CFBE41o-, WT CFBE, and F508del
CFBE cells, treated or not with Kaftrio.

Representative images of immunoblotting showing the expression of EZRIN, NHERF-1, GAPDH. and CAV-
1 (caveolin-1), and their relative quantifications. CFBE41lo-, WT CFBE, and F508del CFBE cells were
incubated for 24 hours with 3 uM VX-661, 2 uM VX-445, and 5 uM VX-770 and subsequently subjected to
lysis. Equal amounts of proteins from lysates of cells were separated by SDS-PAGE, followed by
electroblotting and chemiluminescent immunodetection after membrane incubation with primary antibodies
and HRP-conjugated secondary antibodies. Changes in protein expression levels are expressed in arbitrary
units as a ratio of their expression normalized on GAPDH. *p<0,05 vs untreated cells, #p<0,05, ##p<0,01 vs
CFBE410- control cells, °p<0,05, °° p<0,01 vs WT CFBE control cells.
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After evaluating the expression of both CFTR and other important proteins in the macromolecular
complex by immunoblotting experiments, I moved on to analyse alterations regarding the lipid
counterpart in the three different cell lines.

Among the lipids that are enriched within membrane lipid rafts, a particularly relevant class consists
of the sphingolipids. Therefore, the aim of the following experiments was to evaluate the possible
effect of the variants of CFTR on the sphingolipid pattern. To achieve this, sphingolipids were
labelled at the steady state with radioactive sphingosine ([1-*H]-sphingosine), of all three cell lines.
This type of assay allows, on the one hand, the labeling of all sphingolipids present in the cell, and
on the other hand, the labeling of phosphatidylethanolamine obtained through the catabolic recycling
of radioactive sphingosine that carries tritium in position 1. Following isotopic labeling, cells were
incubated for 24 hours with the combination of VX-661, VX-445 and VX-770 or with DMSO as a
control condition, as described in the “methods” section. Total lipid extracts were obtained from cell
lysates, which were subsequently subjected to partitioning, separating therefore the sphingolipids into
two phases: an organic phase (OP) containing the more hydrophobic lipids, and an aqueous phase

(AP) containing the more hydrophilic lipids, mainly consisting in gangliosides.

As can be observed in Figure 17, most of the radioactivity measured is found in the organic phase
considering all the cell lines, indicating that more than 90% of the radioactivity is associated with the
hydrophobic lipids. Regarding the aqueous phases, it is observed that among the cell lines, F508del
CFBE cells have the highest percentage of radioactivity. Treatment with Kaftrio does not have any

effect on the distribution of radioactivity.
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Figure 17. Percentage of radioactivity associated with the Organic Phase (OP) and Aqueous Phase (AP).

The figure represents the distribution of the radioactivity, expressed as percentage, associated to OP and AP.
CFBE41o0-, WT CFBE, and F508del CFBE cells were subjected to metabolic labeling at the steady state of
sphingolipids with radioactive sphingosine. The radioactive sphingosine was solubilized in cell culture
medium in which cells were incubated for a 2-hour pulse period. The radioactive medium was then replaced
with complete medium for a 48-hour chase period. Cells were subsequently treated with the combination of
modulators (3 uM VX-661, 2 uM VX-445, 5 uM VX-770) for 24 hours. Total lipid extracts were obtained
from cell lysates and then partitioned into aqueous phase (AP) and organic phase (OP). Radioactivity was
measured using a Beta Counter instrument. ##p<0,01 vs CFBE410- control cells, °p<0,05 vs WT CFBE control
cells.

In the following step, the different lipid components present in the organic phase and the aqueous

phase were analysed.

Wherefore, after partitioning of the radioactively labelled lipid extracts, both the OP and the AP were
analysed separately through separation by HPTLC (High-Performance Thin-Layer Chromatography)
followed by the detection of radioactive lipids using digital autoradiography with the
BetalMAGER™ Tracer System. For the separation of the lipids of the OP, the CHCls. CH3OH: H,0
solvent system was used in a ratio of 110:40:6 by volume, whereas for the lipids of the AP | used the
CHCIs: CH30H: CaCl; (0.2%) solvent system in a ratio of 50:42:11 by volume.
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In Figure 18, the lipid composition of the OP is reported. Most of the radioactivity in the organic
phase is associated with two lipids: phosphatidylethanolamine (PE) and sphingomyelin (SM). When
comparing different cell lines, differences in the distribution of radioactivity associated with each
lipid were observed. Primarily in case of lactosylceramide (LacCer), which levels are considerably
higher in cells overexpressing WT-CFTR compared to both the parental and mutated CFTR-
expressing cell lines. Conversely, WT CFBE cells have a lower PE content compared to F508del
CFBE cells.

Treatment with Kaftrio does not result in changes in the distribution of radioactivity among the
various lipid species present in OP considering CFBE410- cells. However, it leads to a significant
reduction in the levels of LacCer both in WT CFBE cells and in cells overexpressing the mutated
CFTR. In addition, in case of F508del CFBE cells Kaftrio decreases also the globotriaosylceramide
(Gb3Cer) content.
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Figure 18. Lipid composition of the organic phase.

The organic phase obtained from partitioning was analysed by HPTLC (High-Performance Thin-Layer
Chromatography). A total of 1000 dpm (disintegrations per minute) were spotted for each sample. Silica gel
plates were used as the stationary phase, and the solvent system used was a mixture of CHCl3;: CH;OH: H,O
in a ratio of 110:40:6 by volume. Radioactive lipids were visualized by BetalMAGER™ Tracer System, and
their identification was based on co-migration with known chromatographic standards. The figure includes a
representative image of the TLC (A) and the corresponding graphical representations of the data obtained after
analysis using the M3 Vision software (B). The values shown in the graphs represent the mean + standard
deviation and are expressed as percentage of radioactivity associated with each sample. *p<0,05 vs untreated
cells, #p<0,05 vs CFBE410- control cells, °p<0,05 vs WT CFBE control cells.
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Subsequently, the aqueous phase, containing the main gangliosides, was analysed in all cell lines. As
can be seen in Figure 19, diverse percentage distribution of radioactivity among the various
ganglioside species can be observed in all cell lines. It can be appreciated that GM3 is the most
abundant ganglioside considering all the cell lines, and its content is significantly higher in CFBE
cells overexpressing F508del-CFTR compared to CFBE410- cells. In contrast, for GM2 and GM1,
cells overexpressing the mutated form of CFTR have significantly lower content compared to both
the parental and WT-CFTR expressing cells. For what concerns GT1b, it is observed that its content
in the F508del CFBE cell line is lower than in the WT CFBE line, which even shows a higher content

of this ganglioside compared to the parental cells.

Treatment with Kaftrio has no effect on the distribution of radioactivity among the various
ganglioside species present in AP regarding CFBE410- cells. Nevertheless, in case of F508del-CFTR
Kaftrio alters the ganglioside composition. For instance, the levels of GM1 and GD1a both increase
upon treatment, as well as the content of GT1b, which increases considerably also in cells
overexpressing WT-CFTR.
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Figure 19. Lipid composition of the aqueous phase.

The agueous phase obtained from partitioning was analysed by HPTLC. A total of 1000 dpm were spotted for
each sample. Silica gel plates were used as the stationary phase, and the solvent system used was a mixture of
CHCls. CH3OH: CaCl; (0.2%) in a ratio of 50:42:11 by volume. Radioactive lipids were visualized by
BetalMAGER™ Tracer System. The figure includes a representative image of the TLC (A) and the
corresponding graphical representations of the data obtained after analysis using the M3 Vision software (B).
The values shown in the graphs represent the mean = standard deviation and are expressed as percentage of
radioactivity associated with each sample. *p<0,05 vs untreated cells, #p<0,05, ##p<0,01, ###p<0,001 vs
CFBE410- control cells, °p<0,05, °°p<0,01, °°°p<0,001 vs WT CFBE control cells.

68



Results

Since | observed significant differences in the lipid pattern between WT CFBE and F508del CFBE
cells, even after Kaftrio treatment, whereas not in case of CFBE41o0- cell line, | decided to evaluate
the effect of the single components of Kaftrio on the lipid composition in the two CFBE cell lines

overexpressing either the WT protein or the mutated one.

Therefore, following isotopic labeling of WT CFBE and F508del CFBE cells, they were treated with
the single modulators, such as 3 uM VX-661, 2 uM VX-445, and 5 uM VX-770, or their combination,
as Kaftrio. After a 24-hour incubation with the CFTR modulators, total lipid extracts were obtained
from cell lysates, which were subsequently subjected to partitioning separating the aqueous phase

and the organic phase.

The lipid patter of the OP is shown in Figure 20. As observed in the previous experiment, most of the
radioactivity in the organic phase is associated with the PE and SM. The Cer, GlcCer, PE and SM
contents are mainly similar in the two cell lines and their levels are not influenced significantly by
the modulators. Only for LacCer, | observed significantly higher levels in WT CFBE cells with
respect to CFBE cells expressing the mutated protein, however, in both cell lines its level is notably
decreased upon treatment with either the potentiator, VX-770, or Kaftrio. Considering instead the
levels of the Gbg3, its content is higher in F508del CFBE cells, and the treatment with the VVX-770 or

Kaftrio induces its decrease.
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Figure 20. Effect of CFTR-modulators on the lipid composition of the OP.

The figure reports a representative digital autoradiography of two HPTLC loaded with aliquots of the organic
phases (OP) obtained from either WT CFBE or F508del CFBE cells (A), and the corresponding graphical
representations of the data obtained after analysis using the M3 Vision software (B). Cells were treated or not
with correctors (3 uM VX-661, 2 uM VX-445) or potentiator (5 uM VX-770) singularly or in combination for
a 24-hour incubation time after feeding cells with radioactive sphingosine. Then cells were subjected to lipid
extraction, followed by partitioning to obtain the OP. Lipids were separated by HPTLC using the solvent
system CHClIz: CH3OH: H»O in a ratio of 110:40:6 by volume. The values shown in the graphs represent the
mean * standard deviation and are expressed as percentage of radioactivity associated with each sample.
*p<0,05 vs untreated cells, °p<0,05 vs WT CFBE control cells.
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In Figure 21 are reported the analyses of the AP. The most profuse ganglioside is the GM3, and its
content tends to be higher in F508del CFBE cells compared to WT CFBE cells, as observed before.
Controversially, GM2 and GML1 levels are significantly lower in CFBE cells overexpressing the
F508del-CFTR, as is the case for GT1b. The treatment with the single drugs of Kaftrio formulation
does not exert any effect on the distribution of radioactivity in the different ganglioside species.
However, in case of F508del-CFTR Kaftrio induces an increase in the levels of both GM1 and GD1a,
as well as in the levels of GT1b, which increases significantly also in cells overexpressing WT-CFTR.
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Figure 21. Effect of CFTR-modulators on the lipid composition of the AP.

The figure reports a representative digital autoradiography of two HPTLC loaded with aliquots of the agqueous
phases (AP) obtained from either WT CFBE or F508del CFBE cells (A), and the corresponding graphical
representations of the data obtained after analysis using the M3 Vision software (B). Cells were treated or not
with correctors (3 uM VX-661, 2 uM VX-445) or potentiator (5 uM VX-770) singularly or in combination for
a 24-hour incubation time after feeding cells with radioactive sphingosine. Then cells were subjected to lipid
extraction, followed by partitioning to obtain the AP. Lipids were separated by HPTLC using the solvent
system CHCIs;. CH3OH: CaCl, (0.2%) in a ratio of 50:42:11 by volume. The values shown in the graphs
represent the mean + standard deviation and are expressed as percentage of radioactivity associated with each
sample. *p<0,05 vs untreated cells, °p<0,05, °°p<0,01, °°°p<0,001 vs WT CFBE control cells.
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Since besides the SLs also cholesterol is involved in the organisation of the lipid environment of
CFTR, | examined the differences in the cholesterol content of both WT CFBE and F508del CFBE
cells treated or not with the correctors and potentiator.

CFBE cells overexpressing either the WT or the mutated form of the CFTR were treated with the
single modulators (3 uM VX-661, 2 uM VX-445, and 5 uM VX-770) or their combination, as Kaftrio.
After a 24-hour incubation, total lipid extracts were obtained from cell lysates, as described in the
“methods” section, and analysed by HPTLC using the solvent system CgH14: CH3CO2CH2CH3 (3:2,
V: V). As it can be seen from Figure 22, the cholesterol content of F508del CFBE cells is remarkably
diminished with respect to WT CFBE cells. Moreover, considering the effect of the single modulators,
apart from the corrector, VX-661, all of them cause a lower or higher but significative decrease in the

cholesterol content, as well as Kaftrio, reducing even more the level of this lipid.
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Figure 22. Evaluation of cholesterol content in WT and F508del CFBE cells, also after Kaftrio treatment.

The figure reports a representative endogenous cholesterol pattern of two HPTLC loaded with the total lipid
extracts obtained from WT CFBE and F508del CFBE cells (A), and the corresponding graphical
representations of the data obtained (B). Cells were treated or not with the CFTR-modulators (3uM VX-661,
2uM VX-445, 5uM VX-770, or their combination as Kaftrio), for a 24-hour incubation time, then cells were
harvested, lysed, and subjected to lipid extraction. Lipids were separated by HPTLC using the solvent system
CeH14: CH3CO2CH2CHj5 in a ratio of 3:2 by volume. Data was obtained by spraying the prepared TLC with
anisaldehyde, and by quantifying the intensity of the bands with ImageJ. Data are expressed in the graphs as
fold change (%) with respect to untreated/WT cells. *p<0.05, **p<0.005, ***p<0.0005 vs untreated/WT cells.
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As | have already observed, the presence of different forms of CFTR has a specific effect on the
expression of important proteins of the CFTR macromolecular complex, as well as on the lipid
composition. As follows, | evaluated possible alterations in the activity of enzymes involved in the
sphingolipid pathway, considering all three cell lines. The data from literature suggest that the
expression of the mutated forms of CFTR influences the endo-lysosomal compartment. Accordingly,
| assessed the enzymatic activity of key lysosomal glycohydrolases, particularly those involved in the
sphingolipid catabolism, primarily in total cell lysates. These cell lysates were obtained from the three
cell lines, CFBE410-, WT and F508del CFBE cells, treated or not with the combination of modulators
for 24 hours. A protein assay was performed to ensure that the enzymatic analysis was conducted
using the same amounts of cellular proteins, as described in the “methods” section. Total enzymatic
activities were measured as picomoles of product formed per hour per milligram of protein, and they
were normalized to the activity measured in CFBE410- control cells. The graphs are presented in
Figure 23.

Total B-glucosidase (B- Glc TOT) activity seems to be augmented in F508del CFBE cells with respect
to WT CFBE and CFBE410- cells, moreover, considering all cell lines, Kaftrio increases its level.
The activity of the lysosomal B-glucocerebrosidase (GCase) appears to be higher in cells
overexpressing either the WT- or the mutated CFTR, compared to the parental cell line. Specifically,
in F508del CFBE cells, this activity is nearly double that of CFBE410- cells. In all three cell lines,
there is a tendency for an increase in GCase activity following treatment with Kaftrio, although this

is significant only in the case of CFBE41o0- cells.

Regarding B-galactosidase (B-Gal) activity, an increase is observed in both WT and F508del CFBE
cells, approximately 1.3-fold and 1.5-fold of that observed in CFBE410- cells. However, unlike in
case of GCase, treatment with modulators results in a statistically significant decrease in B-Gal

enzymatic activity in cells overexpressing CFTR, both in the WT and mutated forms.

For what concerns total -hexosaminidase activity (B-Hex TOT), it is significantly higher in WT
CFBE cells compared to the other cell lines considered. -Hex is a dimeric enzyme composed of two
subunits and exists in three isoforms in human cells: Hex A (consisting of one a subunit and one 3
subunit), Hex B (consisting of two [ subunits), and Hex S (consisting of two a subunits). Total f-Hex
activity is evaluated using the florigenic substrate 4-MUB-N-acetyl p-D-glucosaminide (MUG),
which is a substrate for both subunits. However, it is possible to discriminate its activity using the
florigenic substrate 4-MUB-N-acetyl B-D-glucosaminide-6-sulfate (MUGS), which allows
assessment of Hex S activity in addition to the fraction of Hex A activity, attributable to the o subunit.

The enzymatic activity expressed on the MUGS substrate, indicated in the graph as f-Hex A+S, is
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considerably lower (about 1/20) with respect to the total activity, in all three cell lines. On the other
hand, it is interesting to note that this activity increases in F508del cells, constituting approximately
1/12 of the total hexosaminidase activity. Treatment with modulators induces a significant decrease
in both total activity and a subunit-specific activity in CFTR-expressing cells, WT or F508del, while

it has no effect on the parental cell line.

The evaluation of total sphingomyelinase (SMase) enzymatic activity presented some issues, as it
was highly variable within the triplicate and did not allow for significant deviations to be observed

either between different cell lines or between control cells and those treated with Kaftrio.

Finally, the enzymatic activity of two other enzymes were analysed, that unlike the previous ones, do
not act directly on the sphingolipid component but can provide indications about the effect of CFTR
expression and modulator treatment on the endo-lysosomal compartment. These enzymes are two
mannosidases, a-mannosidase (a-Man) and -mannosidase ($-Man), capable of removing terminal
mannose residues linked by a 1-3, a 1-6, and  1-4 bonds. For both enzymes, the expression of the
mutated form of CFTR appears to have an effect in increasing their activity (1.4 times and 2 times
with respect to CFBE410- for a-Man and B-Man, respectively). Instead, the expression of the WT
protein has the opposite effect on the activity of these two enzymes; a-Man decreases slightly
compared to parental CFBE cells, while B-Man increases (1.5 times that of CFBE410-). Once again,
as observed for the other enzymes, with the sole exception of GCase which behaves oppositely,
treatment with Kaftrio leads to a reduction in the enzymatic activities of both a-Man and $-Man in

CFTR-expressing cell lines.
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Figure 23. Effect of Kaftrio on the activity of lysosomal hydrolases in total cell lysates.

CFBE410-, WT CFBE, and F508del CFBE cells were treated or not with the combination of modulators (3
uM VX-661, 2 uM VX-445, 5 uM VX-770) for 24 hours, and cellular lysates were obtained as described in
the “methods” section. Protein concentration was determined using the DC protein assay, and enzymatic assays
were performed at an equal protein concentration. The enzymatic activities of - Glc TOT, GCase, -Gal, -
Hex TOT, B-Hex A+S, SMase and o-Man, B-Man were determined using florigenic substrates. The values
represented in the graphs are the mean + standard deviation of enzymatic activities calculated as picomoles of
product formed per hour per mg of protein, normalized to the activity measured in CFBE410- control cells.
*p<0.05, **p<0.01, ***p<0.001 vs untreated cells, ##p<0.01, ###p<0.001, ###p<0.0001 vs CFBE4lo-
control cells, °°p<0.01, °°°p<0.001 vs WT CFBE control cells.
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Cells respond to alterations in the endo-lysosomal compartment through the activation of lysosomal
exocytosis. This process involves the fusion of the lysosomal membrane with the cell plasma
membrane, resulting in the release of the lysosomal content into the extracellular environment, and
the association of lysosomal enzymes, present on the inner side of the lysosomal membrane, with the
outer surface of the plasma membrane. Based on this evidence, | evaluated the enzymatic activities
of the same enzymes considered previously, along with the addition of NLGase described as a non-
lysosomal B-glucocerebrosidase predominantly associated with the cell surface, at the PM level.

Enzymatic activities associated with the cell surface were assessed directly on live cells plated in a
96-well plate and treated or not with modulators for 24 hours. After surface enzymatic assays, protein
quantification was performed to assess the cellular protein content in each well. This allowed the
calculation of enzymatic activities, expressed as picomoles of product formed per hour per milligram
of cellular proteins. The graphs representing surface enzymatic activities, normalized to the activity
measured in CFBE41o- control cells, are shown in Figure 24. As observed previously, both B-Glc
TOT and GCase activity is increased in cells expressing the CFTR protein, particularly in F508del
CFBE cells, compared to parental cells that lack CFTR expression. Surface -Glc TOT activity results
from the contributions of NLGase, a typical membrane enzyme, and of the lysosomal enzyme GCase,
which is present on the surface due to lysosomal exocytosis. Both enzymes contribute roughly equally
to B-Glc TOT activity but are influenced differently by treatment with Kaftrio. While Kaftrio
treatment increases NLGase activity in all three cell lines, an opposite trend is observed for GCase.
Surface enzymatic activity of f-Gal, as observed before for its total activity, is significantly higher in
CFTR-expressing cells compared to CFBE41o- cell line, however, no effect on surface enzyme
activity was observed following treatment with the CFTR modulator. Regarding the surface f-Hex
TOT activity, the cell lines expressing different forms of CFTR exhibit higher enzymatic activity
compared to the parental line. An effect of Kaftrio treatment is detected only in F508del cells, which
show a reduction in B-Hex TOT activity. When evaluating B-Hex A+S activity, increased values are
observed only in cells expressing the mutated form of CFTR, with a notable decrease in its activity
following Kaftrio treatment. The measurement of the surface activity of plasma membrane associated
SMase shows that its activity is higher in WT cells compared to parental cells, and it is further
elevated in F508del cells. In CFTR-expressing lines, Kaftrio has the effect of reducing SMase
enzymatic activity. Finally, the levels of activity of both surface associated mannosidases are higher
in cells expressing the mutated form of CFTR regarding the other cell lines. Treatment with the drug
leads to a tendency of reducing both a-Man and B-Man activities associated with the plasma
membrane in all three cell lines, although the reduction is statistically significant only for a-Man
activity in WT cells and p-Man activity in F508del cells.
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Figure 24. Effect of Kaftrio on the activity of lysosomal hydrolases on the cell surface.

CFBE41o0-, WT CFBE, and F508del CFBE cells were plated in 96-well plates and treated or not with the
combination of modulators (3 pM VX-661, 2 uM VX-445, 5 uM VX-770) for 24 hours. PM associated
activities of B-Glc TOT, GCase, NLGase, B-Hex TOT, B-Hex A+S, B-Gal, SMase, a-Man, and -Man were
determined on living cells by a high throughput assay using artificial florigenic substrates. The values
represented in the graphs are the mean + standard deviation of enzymatic activities calculated as picomoles of
product formed per hour per mg of protein, normalized to the activity measured in CFBE41o- control cells.
*p<0.05, **p<0.01, ***p<0.001 vs untreated cells, #p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001 vs
CFBE410- control cells, °p<0.05, °°p<0.01, °°°p<0.001, °°°°p<0.0001 vs. WT CFBE control cells.
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I have distinguished some variations in the activity of glycohydrolases involved in the sphingolipid
pathway regarding CFBE41o0-, WT CFBE and F508del CFBE cells, especially after treatment with
Kaftrio. Nevertheless, the most striking differences were noted in case of the two CFBE cell lines
overexpressing either WT-CFTR or F508del-CFTR.

Thereafter, | assessed the effect of the single components of Kaftrio on the total enzymatic activity
of the main hydrolases, in particularly those involved directly in the sphingolipid catabolism. Hence,
cell lysates were obtained from WT and F508del CFBE cells treated or not with the single modulators,
such as 3 uM VX-661, 2 uM VX-445, and 5 uM VX-770, or their combination, as Kaftrio. A protein
assay was conducted to perform the analysis using the same amounts of proteins. Total enzymatic
activities were measured as picomoles of product formed per hour per milligram of proteins and the

corresponding graphs are presented in Figure 25.

As it can be observed, the enzymatic activity of almost all enzymes analysed, with the only exception
of B-Hex TOT, is notably higher in F508del CFBE cells with respect to WT cells, confirming also
the results obtained previously. Treatment with the correctors, both VX-661 and VX-445, does not
induce any modifications in the enzymatic activity of all hydrolases considered, however, the
potentiator, VX-770, does. In case of - Glc TOT, GCase and NLGase, the VX-770 increased their
enzymatic activity considering both cell lines. The activity of f- Glc TOT and NLGase was elevated
also after administration of all the modulators, as Kaftrio, in both cell lines, whilst is case of GCase,
it seems to lead only to a tendency for increase. This evidence suggests that the increasing enzymatic
activity of these lysosomal enzymes is due to the effect of the potentiator, and that the increase in j3-
Glc TOT activity after treatment is attributable to an augmented activity of the non-lysosomal f-
glucocerebrosidase. On the other hand, as seen before, Kaftrio, but not the single modulators, cause
a significative decrease in the enzymatic activities of both B-Hex TOT and B-Hex A+S in WT and
F508del CFBE cells, whereas $-Gal activity is decreased only in cells expressing the mutated protein.
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Figure 25. Effect of CFTR-modulators on the activity of lysosomal hydrolases in total cell lysates.

WT CFBE and F508del CFBE cells were treated or not with correctors (3 uM VX-661, 2 uM VX-445) or
potentiator (5 uM VX-770) singularly or in combination for a 24-hour incubation time, and cellular lysates
were obtained as described in the “methods” section. Protein concentration was determined using the DC
protein assay, and enzymatic assays were performed at an equal protein concentration. The enzymatic activities
of B-Glc TOT, GCase, NLGase, B-Gal, p-Hex TOT and B-Hex A+S were determined using florigenic
substrates. The values represented in the graphs are the mean * standard deviation of enzymatic activities
calculated as picomoles of product formed per hour per mg of protein. *p<0.05, **p<0.005, ***p<0.0005 vs
untreated cells, °p<0.05, °°p<0.005 vs WT CFBE control cells.

Finally, considering the effect of Kaftrio on the sphingolipid pattern and on the enzymatic activity of
lysosomal glycohydrolases, both in total cell lysates and at the cell surface, | investigated its impact
on two key enzymes involved in the metabolism of sphingolipids in CFBE cells overexpressing the
WT or the F508del-CFTR. Particularly, | evaluated the activity of the GM3 synthase, known also as
sialyl-transferase 1 (SAT1), and of the sialidase Neu3. GM3 synthase is an important enzyme in the
biosynthesis of the ganglioside GM3. It transfers a sialic acid onto the LacCer hence forming the
GM3, which is the precursor of all complex gangliosides, including GM1 and GD1a. On the other
hand, sialidase Neu3 is an essential enzyme in the catabolism of gangliosides, as it cleaves the
terminal sialic acid residues from gangliosides to form less complex one. In particular, it is

responsiben for the formation of LacCer by removing the sialic acid from GM3.

For this reason, WT and F508del CFBE cells were treated with the two correctors, 3 uM VX-661, 2
uM VX-445, and the potentiator, 5 uM VX-770, for a 24-hour incubation time. The day after, cells

were harvested, collected, and homogenized to obtain the cell homogenates. Appropriate volumes of
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cell homogenates were used together with the relevant radioactive derivative of the natural substrate
of each enzyme. Then, aliquots of the lipid extracts, obtained from each enzymatic reaction mixtures,
were analysed by HPTLC. Results of the activity measured for GM3 synthase and sialidase Neu3 are

showed in Figures 26 and 27, respectively.

The activity of GM3 synthase is higher in F508del CFBE cells respecting WT CFBE cells, and this
result corrisponds with the higher GM3 levels in cells expressing the mutated protein, found
previously in the lipis analyis experiements. Interestingly, treatment with Kaftrio elevates its activity
only in the mutated cell line. These results are in line with the previous findings about the increased
content of the GM1 and GD1a of treated F508del CFBE cells and a parallel reduction of the
lactosylceramide (Figure 26).
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Figure 26. Evaluation of the effect of Kaftrio on the enzymatic activity of GM3 synthase.

CFBE cells overexpressing WT or F508del CFTR were treated or not with Kaftrio (3 uM VX-661, 2 uM VX-
445 and 5 uM VX-770) for 24 hours. Aliquots of cell lysates were used for the enzymatic assay, together with
the radioactive natural substrate of the GM3 synthase enzyme (*H-Lactosylceramide). Boiled aliquots of cell
lysates were used as control. An aliquot of the lipid extract obtained from the enzymatic reaction mixture was
separated by HPTLC using the solvent system CHCls: CH3OH: 0.2 % CaCl, (50: 42: 11, v: v: V), and the
radioactivity associated with the sphingolipids was measured by digital autoradiography and quantified by M3
Vision software. In the graph, data are reported as percentage of the substrate conversion in *H-GM3 by the
GM3 synthase enzyme. *p< 0.05 vs untreated cells.
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Regarding the sialidase Neu3 activity, as shown in Figure 27, WT CFBE cells are charaterized by a
significantly higher activity with respect to F508del CFBE cells, nearly double, explaining the
elevated levels of the LacCer or GM1 in WT CFBE cells. Treatment with Kaftrio reduces the sialidase
activity in both cell lines further supporting preceding findings about the increased levels of GD1a in

treated cells.
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Figure 27. Evaluation of the effect of Kaftrio on the enzymatic activity of the sialidase Neu3.

CFBE cells overexpressing the WT or F508del CFTR were treated or not with Kaftrio (3 uM VX-661, 2 uM
VX-445 and 5 uM VX-770) for 24 hours. Aliquots of cell lysate were used for the enzymatic assay, together
with the radioactive natural substrate ((H-GM3). Boiled aliquots of cell lysates were used as control. An aliquot
of the lipid extract obtained from the enzymatic reaction mixture was separated by HPTLC using the solvent
system CHCls: CH3OH: 0.2 % CaCl; (50: 42: 11, v: v: V), and radioactivity associated with the sphingolipids
was measured by digital autoradiography and quantified by M3 Vision software. In the graph data are reported
as percentage of substrate hydrolysis to *H-Lactosylceramide by the sialidase enzyme. *p< 0.05 vs untreated
cells.
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Effect of the ganglioside GM1, its derivative Liga20, and its molecular species on
the maturation of F508del-CFTR rescued by Kaftrio.

Despite Kaftrio displays an important beneficial role in the maturation of the F508del-CFTR, several
indications point out the necessity to further improve the rescue of the mutated protein. It was seen
that exogenous administration of the ganglioside GML1 to F508del CFBE cells treated with Orkambi
counteracted the destabilizing effects of the potentiator VX-770 on the stability of the rescued CFTR,
increasing both the cellular content of the mature form of the protein and its channel activity [43]. To
this purpose, part of my PhD project was aimed to investigate the possible beneficial effects of GM1

administration on the maturation and stabilisation of F508del-CFTR rescued by Kaftrio treatment.

Therefore, F508del CFBE cells were fed with the correctors VX-661 and VX-445, alone or in
combination with the potentiator VX-770, and in presence or not of exogenously administered GML1.
I have used the same concentration for GM1 as described in Mancini et al, 2020 [43]. As shown in
Figure 28, treatment with the correctors improves the formation of the band-c of F508del-CFTR
supporting an increase in the active form of the protein. With the addition of the VX-770 the band-c
undergoes to only a slight decrease, a side-effect of the potentiator described in diverse articles. Upon
the exogenous administration of GML1, the effect of the two correctors is more evident not only for
the increase of the band-c but also of the band-b. Nevertheless, in presence of the GM1 the negative
effect of the VX-770 is still present, even if the total amount of CFTR, consisting in the band-c and -
b, is higher when compared to the condition without GM1. Furthermore, | tested the effect of the
GM1 analogue, Liga20, on the maturation of F508del-CFTR. First, | evaluated whether this molecule
is toxic for bronchial epithelial cells testing the same concentration used for the ganglioside GM1.
The treatment showed a possible toxic effect at 50 uM or above (data not shown), for this reason in
my experiments | decided to use the concentration of 10 uM where no toxic effect was observed. As
shown in Figure 28, the data obtained with the co-treatment of F508del CFBE cells with Liga20,
either in presence of the two correctors, VX-661 and VVX-445, or the Kaftrio formulation, are similar

to those obtained after administering GM1 simultaneously to the CFTR modulators.
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Figure 28. Effect of GM1 and Liga20 on the rescue of F508del-CFTR in cells treated with Kaftrio.

The figure shows a representative Western Blot against CFTR (A) and its relative quantification (B). Calnexin
was used as loading control. CFBE cells overexpressing F508del-CFTR were treated with the correctors VX-
661 (3 uM) and VX-445 (2 uM) alone or in combination with the potentiator VX-770 (5 uM) for 24 hours in
the presence or not of 50 uM GML1 or 10 uM Liga20. Data are presented in the graph as ratio of the expression
of band-c and -b, normalized on Calnexin, *p<0.01 vs untreated cells.

These data are promising as they indicate a possible additive effect of these lipids to Kaftrio treatment
on the rescue of F508del-CFTR. However, these results are obtained evaluating the CFTR in a total
cell lysate and not at the cell PM where the protein is located and exerts its function. For this reason,
I proceeded to isolate the cell surface proteins, including CFTR, with respect to the intracellular
counterpart by a pull-down assay based on the biotinylation of the proteins associated with the

external leaflet of the PM and their recovery with magnetic beads conjugated with streptavidin.
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First, F508del CFBE cells were treated or not for 24 hours with the components of Kaftrio, and the
day after they were incubated with EZ-Link™ Sulfo-NHS-Biotin for 30 minutes at 4°C. Under these
experimental conditions the internalization of the biotin does not occur and biotinylation is restricted
to the apical surface proteins. Then, cells were harvested, lysed and PM proteins were precipitated
using streptavidin conjugated magnetic beads. The conventional method for the recovery of
precipitated proteins from the magnetic beads indicates to boil the beads in order to disrupt the linkage
between the biotin and streptavidin. Unfortunately, this condition resulted incompatible with the
detection of the CFTR because the protein undergoes to a degradation, as observed in the lane P100
in Figures 29 and 30. I tried to reduce the temperature to 60°C in order to preserve CFTR, but in this
condition the recovery of biotinylated proteins was rather low (data not shown). To promote the
dissociation, based on previous experience, | decided to remove the lipids remained associated with
the precipitated proteins to induce a partial denaturation of the proteins and thus favour the subsequent
dissociation. Accordingly, | first subjected the precipitate to a lipid extraction (see in the methods),
and afterwards | added Laemmli buffer 1X and warmed up the precipitate at 60°C to recover
biotinylated proteins.

This condition allowed to isolate 90-95% of the biotinylated proteins without the contamination of
intracellular components. It is indicated by an enrichment of B1-integrin, a PM protein, and by the
absence of intracellular markers, GAPDH and Calnexin, in the P60 fraction, a portion corresponding
to cell surface proteins (Figure 29). As expected, | found that the F508del-CFTR corrected with
Kaftrio is associated with the PM and, interestingly, | found in the P60 fraction both band-c and -b of
CFTR suggesting that also the immature form of CFTR is able, at least in part, to reach the PM. In
addition, the presence of NHERF-1 in the precipitate indicates that under these experimental

conditions | was able to isolate the CFTR interactome.
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Figure 29. Plasma membrane association of mutated CFTR in F508del CFBE cells treated with Kaftrio.

The figure shows a representative Western Blot against CFTR, B1-integrin, Calnexin, NHERF-1, and GAPDH.
CFBE cells overexpressing the F508del-CFTR were treated with 3 uM VX-661, 2 uM VX-445 and 5 uM VX-
770 for 24 hours. After Kaftrio treatment, cell surface proteins were biotinylated. Cells were then lysed in
microdomain preserving conditions and post nuclear supernatant (PNS) was subjected to precipitation with
streptavidin-conjugated beads in order to isolate intracellular proteins (SAP, supernatant after precipitation),
from cell surface proteins (P60, precipitate obtained at 60°C; P100, precipitate obtained at 100°C). Ratio 1:1
for PNS and SAP, and 1:6 for PNS/SAP and P60/P100.

Subsequently, I tried to isolate the F508del-CFTR rescued by Kaftrio in a more physiological cellular
model represented by polarized F508del CFBE cells. Cells were plated in Transwell Clear permeable
filter inserts and kept in culture for 30 days. Then they were treated with the CFTR modulators, VX-
661, VX-445 and VX-770 for 24 hours. In this case, the biotinylation, applied only at the apical side
of the polarized culture, allowed to isolate the cell surface proteins inserted into the apical plasma
membrane, among these also the rescued F508del-CFTR.

As shown in Figure 30, the effect of Kaftrio on the maturation of the F508del-CFTR is more evident
when compared to that observed in the conventional, non-polarized cell culture (Figure 29). Also in
this experiment, F508del-CFTR rescued by Kaftrio is associated with the apical PM (P60 fraction)
showing both isoforms corresponding to the band-c and band-b. Isolation of the PM proteins were
successful as N-cadherin, a PM marker, can be observed in the P60 fraction, whilst Calnexin and
GAPDH, as intracellular markers, in the SAP (Supernatant After Precipitation) fraction. Moreover, |
believe that the presence of the marker Zonula Occludens (Z0O)-1, both in the SAP and P60 fractions,

can be considered an indication for the formation of the epithelium, as this protein is a tight junction
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protein present at the cytoplasmic surface of intercellular junctions. It seems, that the treatment with
Kaftrio, however, decreases the content of ZO-1 at the PM. Additionally, the identification of
NHERF-1 in the precipitate suggests that, in these experimental conditions, I successfully segregated
the CFTR interactome.
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Figure 30. Apical plasma membrane association of mutated CFTR in polarized F508del CFBE cells
treated with Kaftrio.

The figure shows a representative Western Blot against CFTR, ZO-1 (Zonula Occludens-1), N-cadherin,
Calnexin, NHERF-1, and GAPDH. Polarized CFBE cells overexpressing the F508del-CFTR were treated with
3 UM VX-661, 2 uM VX-445 and 5 uM VX-770 for 24 hours. After Kaftrio treatment, apical cell surface
proteins were biotinylated. Cells were then lysed in microdomain preserving conditions and post nuclear
supernatant (PNS) was subjected to precipitation with streptavidin-conjugated beads. SAP (supernatant after
precipitation), P60 (precipitate obtained at 60°C), P100 (precipitate obtained at 100°C). Ratio 1:1 for PNS and
SAP, and 1:6 for PNS/SAP and P60/P100.

Once stabilizing the protocol of biotinylation and verifying that Kaftrio is able to recover the F508del-
CFTR, especially the band-c, mature form the protein at the cell surface, | proceeded with the
evaluation of the maturation and stabilization of F508del-CFTR at the PM level after treating cells

with Kaftrio in the presence or absence of GM1 and its derivative, Liga20.

F508del CFBE cells were treated or not with the components of Kaftrio and GM1 or Liga20 for 24
hours, and the day after they were incubated with EZ-Link™ Sulfo-NHS-Biotin for 30 minutes at
4°C. Analysing the samples through immunoblotting, data reported in Figure 31, as already
demonstrated, | observed that F508del-CFTR corrected with Kaftrio is associated with the PM,
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finding in the P60 fraction both band-c and -b of CFTR. In addition, upon the administration of either
the GML1 or the Liga20, | have noted a slight but significative increase in the content of the band-c,
mature form of CFTR, associated with the cell surface with respect to cells treated only with Kaftrio.
Furthermore, the presence of NHERF-1 in the precipitate indicates that 1 was able to isolate the

interactome of CFTR.
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Figure 31. Effect of GM1 and Liga20 administration on the expression of CFTR at the PM level in
F508del CFBE cells treated with Kaftrio.

Representative Western Blot against NHERF-1 and CFTR (A) and its quantification (B). CFBE cells
overexpressing the F508del-CFTR were treated with 3 uM VX-661, 2 uM VX-445 and 5 uM VX-770 for 24
hours, in the presence or not of 50 UM GML1 or 10 uM Liga20. After treatment, cell surface proteins were
biotinylated, then cells were lysed in microdomain preserving conditions. Consequently, post nuclear
supernatant (PNS) was subjected to precipitation with streptavidin-conjugated beads in order to isolate PM
proteins. Data are presented as arbitrary units of the precipitated band-c of CFTR considering all conditions.
*p<0,05 vs Kaftrio. SAP (supernatant after precipitation), P60 (precipitate obtained at 60°C). Ratio 1:1 for
PNS and SAP, and 1:6 for PNS/SAP and P60.

To verify the efficacy of the precipitation, | used N-cadherin as a PM marker and GAPDH and
Calnexin as intracellular markers. As shown in Figure 32, N-cadherin is present only in the precipitate
(P60), whereas GAPDH and Calnexin were detectable only in SAP, suggesting a high purification in
term of proteins associated with the PM, for all the conditions tested.
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Figure 32. Quality control of the isolation of PM proteins of F508del CFBE cells treated with Kaftrio in
the presence or absence of exogenous GM1 and/or Liga20.

The figure shows a representative Western Blot against N-cadherin, Calnexin and GAPDH. CFBE cells
overexpressing the F508del-CFTR were treated with 3 pM VX-661, 2 uM VX-445 and 5 uM VX-770 for 24
hours, in the presence or not of 50 UM GM1 or 10 uM Liga20. After treatment, cell surface proteins were
biotinylated, then cells were lysed in microdomain preserving conditions. Consequently, the post nuclear
supernatant (PNS) was subjected to precipitation with streptavidin-conjugated beads in order to isolate the cell
surface proteins. SAP (supernatant after precipitation), P60 (precipitate obtained at 60°C). Ratio 1:1 for PNS
and SAP, and 1:6 for PNS/SAP and P60.

Furthermore, | evaluated the pattern of the biotinylated proteins after treatment with Kaftrio and GM1
or Liga20, in all the fractions by incubation of the membranes with HRP-conjugated streptavidin. As
it can be appreciated from Figure 33, proteins associated with the external leaflet of the PM are
observable in the fraction containing the cell surface proteins (P60) and in the fraction containing all
the proteins (PNS). Biotinylated proteins, however, are not present in the SAP fraction verifying that
SAP contains only intracellular proteins. Hence, | can confirm that the biotinylation procedure
allowed to purify almost 100% of the PM proteins without the contamination of intracellular

components.
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Figure 33. Pattern of the biotinylated proteins in F508del CFBE cells treated with Kaftrio in the presence
of GML1 or Liga20.

The figure shows a Western Blot of biotinylated proteins in the different fractions. CFBE cells overexpressing
the F508del-CFTR were treated with 3 uM VX-661, 2 uM VX-445 and 5 uM VX-770 for 24 hours, in the
presence or not of 50 UM GM1 or 10 uM Liga20. After treatment, cell surface proteins were biotinylated, then
cells were lysed in microdomain preserving conditions. Consequently, the post nuclear supernatant (PNS) was
subjected to precipitation with streptavidin-conjugated beads. Aliquots of each condition were tested by
immunoblotting incubating the membranes with HRP-conjugated streptavidin. SAP (supernatant after
precipitation), P60 (precipitate obtained at 60°C). Ratio 1:1 for PNS and SAP, and 1:6 for PNS/SAP and P60.

The ganglioside GM1, that was administered to cells in all the previous experiments, consists of a
mixture of GM1 with different acyl chain lengths (mainly 18 and 20 carbon atoms), like it is normally
present as an endogenous compound in bronchial epithelial cells. Indeed, the acyl chain of the
gangliosides, especially in case of the GM1, claims an important role in the segregation at the cell
surface, in the organisation of the PM microenvironment in which the CFTR protein can also be
found, and in the possibility of the ganglioside to become component of the external layer of the cell

surface.

For this reason, | was wondering whether changing the length of the acyl chain of the GM1 could
have a different effect on the recovery of the F508del-CFTR at the PM level in cells treated with
Kaftrio. | tested the effect of different molecular species of GM1, which distinct in the acyl chain
length, on the maturation and stability of F508del-CFTR at the cell surface. In particular, | fed
F508del CFBE cells with three different GM1 molecular species at the same concentration used
before, 50 pM; one with an acyl chain formed by 22 (C22), one formed by 10 (C10) and one formed

by 4 (C4) carbon atoms. Cells were treated for 24 hours in the presence of the components of Kaftrio,

89



Results

and the day after they were biotinylated, as described before. As it can be observed in Figure 34,
administration of GM1 gangliosides with shorter acyl chains (C10 and C4) can have an important
effect in increasing the level of the band-c of CFTR at the cell surface (fraction P60), with respect to
GM1 ganglioside with longer acyl chains (GM1, and GM1 C22). Therefore, in cells treated with
Kaftrio, these GM1 molecular species could enhance the stability of F508del-CFTR at the PM level.
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Figure 34. Effect of the molecular species of GM1 on the expression of CFTR at the PM level in F508del
CFBE cells treated with Kaftrio.

Representative Western Blot against CFTR (A), and its quantification (B). CFBE cells overexpressing the
F508del-CFTR were treated with 3 uM VX-661, 2 uM VX-445 and 5 uM V' X-770 for 24 hours, in the presence
or not of 50 UM GML1 or its molecular species. After treatment, cell surface proteins were biotinylated, then
cells were lysed in microdomain preserving conditions. Consequently, post nuclear supernatant (PNS) was
subjected to precipitation with streptavidin-conjugated beads in order to isolate PM proteins (P60). Data are
presented as percentage of the precipitated band-c of CFTR with respect to the total band-c found in the PNS,
for all the conditions tested, **p<0.005, ***p<0,0001 vs Kaftrio. SAP (supernatant after precipitation). Ratio
1:1 for PNS and SAP, and 1:6 for PNS/SAP and P60.
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After assessing the effect of the different molecular species of GM1 on the expression of F508del-
CFTR, I have also verified the presence of PM markers in the P60 fraction, such as N-cadherin, and
intracellular markers in the SAP fraction, like Calnexin and GAPDH. What’s more, the presence of
NHERF-1 in the precipitate indicates the appropriate isolation of the CFTR interactome (Figure 35).
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Figure 35. Quality control of the isolation of PM proteins of F508del CFBE cells treated with Kaftrio in
the presence of the molecular species of GM1.

The figure shows a representative Western Blot against N-cadherin, Calnexin, NHERF-1 and GAPDH. CFBE
cells overexpressing the F508del-CFTR were treated with 3 uM VX-661, 2 uM VX-445 and 5 uM VX-770
for 24 hours, in the presence of 50 uM of GML1 or its molecular species. After treatment, cell surface proteins
were biotinylated, then cells were lysed in microdomain preserving conditions. Consequently, the post nuclear
supernatant (PNS) was subjected to precipitation with streptavidin-conjugated beads. SAP (supernatant after
precipitation), P60 (precipitate obtained at 60°C). Ratio 1:1 for PNS and SAP, and 1.6 for PNS/SAP and P60.
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At last, the pattern of the biotinylated proteins was assessed in all the conditions by incubation of the
membranes with HRP-conjugated streptavidin. In Figure 36, it can be seen that in the fraction
containing the cell surface proteins (P60) the biotinylated proteins are perceptible, whereas, in the
fraction containing the intracellular proteins (SAP), not. Therefore, | can confirm afresh that the
biotinylation procedure allowed the isolation of more than 95% of the PM proteins without the

contamination of intracellular components.
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Figure 36. Pattern of the biotinylated proteins in F508del CFBE cells treated with Kaftrio in the presence
of the molecular species of GM1.

The figure shows a Western Blot about the biotinylated, cell surface proteins. CFBE cells overexpressing the
F508del-CFTR were treated with 3 uM VX-661, 2 uM VX-445 and 5 uM V' X-770 for 24 hours, in the presence
or not of 50 uM of GM1 or its molecular species. After treatment, cell surface proteins were biotinylated, then
cells were lysed in microdomain preserving conditions. Consequently, the post nuclear supernatant (PNS) was
subjected to precipitation with streptavidin-conjugated beads. Aliquots of each condition were tested by
immunoblotting incubating the membranes with HRP-conjugated streptavidin. SAP (supernatant after
precipitation), P60 (precipitate obtained at 60°C). Ratio 1:1 for PNS and SAP, and 1:6 for PNS/SAP and P60.
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Effect of GM1 on CFTR expression in F508del CFBE cells corrected with VX-
661, VX-445 or Kaftrio formulation, upon infection with PAOL.

The results obtained so far demonstrated the role of the ganglioside GML1 in the maturation and
stabilization of F508del-CFTR at the PM of bronchial epithelial cells. As a next step, | therefore
investigated the possible role of GML1 in counteracting the negative effect of P. aeruginosa (PAO1)
infection on CFTR expression. F508del CFBE cells were treated with VX-661, VX-445 or Kaftrio
formulation administering all three components, in the presence or not of 50 uM GM1 for 24 hours.
Then cells were infected with PAOL1 for 4 hours. At the end of incubation, cells were collected, lysed,
and subjected to SDS-PAGE and Western Blot analysis.

The results shown in Figure 37, similar to those previously demonstrated by others, report that PAO1
reduced CFTR expression acting on both forms of the protein, the immature (band-b) and the fully
glycosylated one (band-c). Nevertheless, GM1 administration, and new in this study, is able to
mitigate the negative effect of the bacteria infection. Indeed, the presence of this ganglioside,
regarding treatment either with the correctors alone (Figure 37A and B), or in case of Kaftrio
formulation (Figure 37C) increased both the mature and immature form of CFTR with respect to
infected cells in the absence of GM1. Noteworthy, in F508del CFBE cells treated with single
correctors, either VX-661 or VX-445, the administration of GM1 resulted more effective in
counteracting the action of PAOL, since the level of the mature form of CFTR protein was increased
with respect to F508del-CFTR in absence of GM1. On the other hand, in CF cells treated with Kaftrio,
GM1 only weakly reduced the negative effect of PAO1, most probably because Kaftrio itself appears
to have a less significant destabilizing effect on the stability of the F508del-CFTR also upon infection.

93



Results

A} - PAO1 +PAO1

B) - PAO1 +PAO1
kDa kDa
180 Band C 180 Band C
160 “ Band B 160 Band B
o — e S |-t
P — - e— e " 42 p-actin
VX-661 - + + + VX-445 - + + +
GM1 - - - +
GM1 - - - +
-PAO1 +PAO1
kDa
180 Band C
160 Band B
42 p-actin
Kaftrio - + + +

eM - - - +

Figure 37. GML1 reduces the negative effect of PAO1 infection on CFTR expression in corrected CF cells.

The figure shows a representative Western Blot against CFTR in F508del CFBE cells treated with 3 uM VX-
661 (A), 2 UM VX-445 (B), or Kaftrio formulation (3 uM VX-661, 2 uM VX-445 and 5 uM VX-770) (C) for
24 hours, in the presence or not of PAOI infection (50 CFU/cell) for 4 hours, fed or not with 50 uM GM1. B-
Actin was used as loading control.

It could be possible that the protective effect of GM1 on F508del-CFTR rescue in the presence of P.
aeruginosa would be restricted to the stabilization of the protein on the PM, with limited effect on
protein synthesis. To investigate this hypothesis, we performed experiments either to quantify the cell
surface proteins by biotinylation of the PM or to inhibit the protein synthesis with cycloheximide, in
presence of GM1 and PAO1.

First, as shown in Figure 38, we confirmed a reduction of the F508del-CFTR rescued by Kaftrio also
at the plasma membrane level after infection of cells. Interestingly, we observed that in presence of
the GM1 the reduction of the mutated channel due to the PAO1 infection is less marked suggesting a

protective effect of the ganglioside.
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Figure 38. Effect of GM1 on the expression of CFTR at the PM level in F508del CFBE cells treated with
Kaftrio, in presence or not of PAOL.

CFBE cells overexpressing the F508del-CFTR were treated with 3 uM VX-661, 2 uM VX-445 and 5 uM VX-
770 for 24 hours, in the presence or not of 50 UM GML1, and were subjected to PAOL infection for 4 hours (50
CFU/cell). After treatment, cell surface proteins were biotinylated, then cells were lysed in microdomain
preserving conditions. Consequently, post nuclear supernatant was subjected to precipitation with streptavidin-
conjugated beads in order to isolate PM proteins. Data are presented as percentage of the precipitated band-c
and -b of CFTR, normalized on the efficiency of precipitation, *p<0.01, ***p<0,0001 vs untreated cells.

To further support the role of GML1 in the stabilization of the mature form of F508del-CFTR upon
rescue with Kaftrio, in presence or not of PAO1 infection, experiments administering the protein
synthesis inhibitor, cycloheximide (CHX) were performed. In particular, F508del CFBE cells were
treated with Kaftrio £+ GM1 for 24 hours, and then CHX was administered for either 8, 9, 11 or 13
hours, of which in the last 4 hours in the presence of PAO1 infection. Afterwards, at these different
time points, cells were harvested, lysed and subjected to SDS-PAGE and Western Blot analysis in
order to evaluate the mature form of CFTR. As reported in Figure 39, GM1 administration increases
the PM stability of F508del-CFTR, rescued by Kaftrio, at all the analyzed time points. In addition, its
stabilizing effect is maintained also in the presence of the infection with PAO1.
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Figure 39. Effect of GM1 on rescued CFTR stabilization in F508del CFBE cells in presence of PAO1
infection, upon treatment with cycloheximide.

Graph reporting the quantification of the Western Blot analyses of CFTR evaluated in F508del CFBE cells
treated with Kaftrio (3 uM VX-661, 2 uM VX-445 and 5 uM VX-770) + GM1 (50 uM) £+ PAOL for 4 hours
(50 CFU/cell) and with cycloheximide (CHX, 100 pg/mL). Cells were harvested and lysed at different time
points: 8 h, 9 h, 11 h, and 13 h. The data are expressed as a ratio between the intensity of the band-c and that
of the loading control, B-Actin, for each time point.
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Evaluation of the effect of LDL-cholesterol administration on the maturation and
stabilization of F508del-CFTR in bronchial epithelial cells treated with Kaftrio.

It is now known that in airway epithelial cells, CFTR is associated both with proteins and lipids in a
macromolecular complex. Nevertheless, beyond the proteins, there are two key players in the
organization of the CFTR interactome, the sphingolipids, especially the GM1, and the cholesterol.
Previously, | have demonstrated how the exogenous GM1 administration can have an adjuvant effect
to increase the efficacy of the CFTR-modulators on the rescued mutated-CFTR. Moreover, | have
already observed that the level of cholesterol is decreased in CFBE cell line expressing the mutated
form of CFTR with respect to WT CFBE cells, and that upon treatment with Kaftrio its level is further
reduced. Therefore, | was wondering whether also cholesterol administration has a beneficial effect
in the rescue of F508del-CFTR focusing on its maturation and stabilization in cells treated with
Kaftrio.

For this purpose, | attempted to administer cholesterol exogenously to F508del CFBE cells. Because
of its high insolubility in cell culture medium, and its toxicity to cells, | decided to try a rather
physiological way of administration, the lipoproteins. Lipoproteins play a key role in the absorption
and transport of dietary lipids by the small intestine, in the transport of lipids from the liver to
peripheral tissues, and the transport of lipids from peripheral tissues to the liver and intestines. Among
the various lipoproteins, the LDL (low density lipoprotein) are enriched in cholesterol, triglycerides,
and phospholipids, carrying the majority of cholesterol that is in the circulation. For these reasons, |

decided to choose LDL as administration vehicle of cholesterol to F508del CFBE cells.

In this aspect, first of all, I conducted a cell viability assay, namely the Calcein assay, in order to
evaluate the eventual contingent cytotoxic effect of the LDL. As it can be appreciated from Figure
40, administering LDL to CFBE cells overexpressing the F508del-CFTR at 400 pig/ml concentration,
either for 24 hours or for 48 hours of which in the last 24 hours in the presence of the components of

Kaftrio, I did not observe any significant toxic effect.
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Figure 40. Evaluation of the effect of LDL on cell viability.

The figure represents the cell viability assessed by Calcein assay: CFBE cells overexpressing the F508del-
CFTR were treated with 400 pg/ml LDL for 24 hours (A) or for 48 hours with the presence of Kaftrio (3uM
VX-661, 2uM VX-445, 5uM VX-770) in the last 24 hours (B). After, cells were incubated with Calcein-AM
diluted in cell culture medium (15 minutes, 37°C), then cells were lysed by the addition of 1% Triton X-100
in TNEV buffer. Fluorescence emission was measured by a fluorescence microplate reader. Data are expressed
as arbitrary units of fluorescence (A.u).

Once verified the absence of toxicity of the LDL treatment conditions, | investigated the impact of
LDL administration on the maturation and stabilization of F508del-CFTR rescued by Kaftrio. As
shown in Figure 41, LDL treatment alone is able to significantly increase the CFTR expression,
however, it does not have any effect in the CFTR rescue, resulting in a meaningful grow of only the
immature form of the protein (band-b). Whereas, when used together with Kaftrio, LDL strongly

emphasizes the CFTR correction regarding the expression of both bands, particularly band-c.
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Figure 41. Effect of LDL on the rescue of F508del-CFTR in cells treated with Kaftrio.

The figure shows a representative Western Blot against CFTR, normalized on Calnexin (A), and its relative
guantification (B). CFBE cells overexpressing F508del-CFTR were treated or not with 400 ug/ml LDL for 48
hours in the presence of Kaftrio 3uM VX-661, 2uM VX-445, 5uM VX-770) for the last 24 hours.
Densitometric analyses were performed using ImageJ software. Data are presented in the graph as ratio of the
expression of band-c and -b, normalized on Calnexin, **p<0,005, ***p<0.001 vs Ctrl, ##p<0.01 vs Kaftrio.
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These data are well-seeming as they represent a possible cumulative effect of cholesterol to Kaftrio
on the maturation of rescued F508del-CFTR. Nevertheless, these findings are obtained evaluating the
CFTR in a total cell lysate and not at the cell surface where the protein should perform its function.
In consequence, | proceeded to isolate the CFTR associated with the PM by a pull-down assay based
on the biotinylation of cell surface proteins, and their recovery with magnetic beads conjugated with
streptavidin. Thus, F508del CFBE cells were treated or not with LDL for 48 hours, of which in the
last 24 hours also in the presence of the components of Kaftrio. After the treatments, cells were
incubated with EZ-Link™ Sulfo-NHS-Biotin for 30 minutes at 4°C, and then harvested and lysed,
using the same protocol as for the experiments conducted with GM1 administration. PM proteins

were precipitated using streptavidin conjugated magnetic beads, as described before.

First, | evaluated the maturation and stabilization of F508del-CFTR at the PM level (Figure 42). As
expected, | found that the F508del-CFTR corrected with Kaftrio is associated with the P60 fraction
(fraction of the PM) where | found both band-c and -b of CFTR. Even if LDL alone does not
contribute to CFTR rescue, it seems to have an important effect on the maturation and trafficking of
the band -b, immature form of CFTR, since it is enriched in the P60. Moreover, upon combined
treatment with Kaftrio, | observed a significative increase in the content of the band-c associated with
the cell surface with respect to cells treated only with Kaftrio, suggesting a possible additive effect of
LDL. In addition, the presence of NHERF-1 in the precipitate indicates that | was able to isolate the

CFTR interactome.
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Figure 42. Effect of LDL administration on the expression of CFTR at the plasma membrane level in
F508del CFBE cells treated with Kaftrio.

Representative Western Blot against NHERF-1 and CFTR (A) and its quantification (B). CFBE cells
overexpressing F508del-CFTR were treated or not with 400 pg/ml LDL for 48 hours in the presence of Kaftrio
(BuM VX-661, 2uM VX-445, 5uM VX-770) in the last 24 hours. After treatment, cell surface proteins were
biotinylated, then cells were lysed in microdomain preserving conditions. Consequently, post nuclear
supernatant (PNS) was subjected to precipitation with streptavidin-conjugated beads in order to isolate cell
surface proteins (P60) from intracellular proteins (SAP-supernatant after precipitation). Data are presented as
arbitrary units of the precipitated band-c of CFTR considering all conditions. *p<0,05 vs Kaftrio. Ratio 1:1 for
PNS and SAP, and 1:6 for PNS/SAP and P60.
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Subsequently, I investigated the quality of the precipitation using E-cadherin and Caveolin-1 as PM
markers and GAPDH as an intracellular marker (Figure 43). E-cadherin is present mostly in the
precipitate (P60), whereas GAPDH were detectable only in SAP suggesting a high purification in

term of proteins engaged with the cell surface for all the conditions tested.

On the other hand, Caveolin-1, a typical protein of lipid rafts which organizes membrane
invaginations, seems to be associated with the PM confirming the preservation of these lipid
microdomains, in which also CFTR is located, throughout the biotinylation procedure. Interestingly,
its level appears to be reduced upon the administration of LDL. This result could be explained by the
caveolin’s function, which promotes the internalization of external elements through clathrin
recruitment. In fact, the cell uptake of LDL involves the LDL-receptors and is obtained by a clathrin
mediated way. Consequently, the assimilation of exogenous LDL could potentially induce the

internalization of Caveolin-1, leading to its diminished presence on the cell surface.
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Figure 43. Quality control of the isolation of PM proteins of F508del CFBE cells treated with Kaftrio in
the presence or absence of LDL.

Representative Western Blot against E-cadherin, GAPDH and Caveolin-1. CFBE cells overexpressing the
F508del-CFTR were treated or not with 400 pg/ml LDL for 48 hours in the presence of Kaftrio BuM VX-
661, 2uM VX-445, 5uM VX-770) in the last 24 hours. After treatment, cell surface proteins were biotinylated,
then cells were lysed in microdomain preserving conditions. Consequently, post nuclear supernatant (PNS)
was subjected to precipitation with streptavidin-conjugated beads to isolate cell surface proteins within the
precipitate (P60) from intracellular proteins (SAP-supernatant after precipitation). Ratio 1:1 for PNS and SAP,
and 1:6 for PNS/SAP and P60.
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Finally, the pattern of the biotinylated proteins was assessed in all the conditions by incubation of the
membranes with HRP-conjugated streptavidin, as described before. As it can be observed from Figure
44, in the fraction containing the cell surface proteins (P60) the biotinylated proteins are present,
whereas in the fraction containing the intracellular proteins (SAP) they are not observed. Therefore,
| can state that | was able to isolate more than 95% of the PM proteins without the contamination of

intracellular components.
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Figure 44. Pattern of the biotinylated proteins in F508del CFBE cells treated with Kaftrio in the presence
of LDL.

The figure shows a Western Blot about the biotinylated, cell surface proteins. CFBE cells overexpressing the
F508del-CFTR were treated or not with 400 pg/ml LDL for 48 hours in the presence of Kaftrio BuM VX-
661,2uM VX-445, SuM VX-770) in the last 24 hours. After treatment, cell surface proteins were biotinylated,
then cells were lysed in microdomain preserving conditions. Consequently, the post nuclear supernatant (PNS)
was subjected to precipitation with streptavidin-conjugated beads. Aliquots of each condition were tested by
immunoblotting incubating the membranes with HRP-conjugated streptavidin. SAP (supernatant after
precipitation), P60 (precipitate obtained at 60°C). Ratio 1:1 for PNS and SAP, and 1:6 for PNS/SAP and P60.
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After obtaining these results administering LDL to CFBE cells, | was wondering whether the
combination of the two lipids, GM1 ganglioside and cholesterol, both of which effect on the
maturation and stabilization of F508del-CFTR is notable, could have an ulterior, additive effect in
this matter. Therefore, CFBE cells overexpressing the mutated form of CFTR were treated with GM1
for 24 hours and/or with LDL for 48 hours, in the presence or not of 3 uM VX-661, 2 uM VX-445,
and 5 pM VX-770 for 24 hours. Cells were then harvested, lysed, and analyzed for CFTR content by

immunoblotting experiments.

As it can be appreciated from Figure 45, treatment of cells with Kaftrio in the presence of ganglioside
GM1 increases the total amount of CFTR, including band-c and -b, with respect to cells treated only
with the CFTR modulator. In turn, as observed before, LDL administration to cells together with
Kaftrio strongly enhance CFTR correction, even more than GML. Interestingly, the combined
treatment of the two lipids with Kaftrio does not show an additive effect in the rescue of the F508del-
CFTR with regards for its treatment with LDL and Kaftrio.
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Figure 45. Effect of GM1 or/and LDL on the rescue of F508del-CFTR in cells treated with Kaftrio.

CFBE cells overexpressing F508del-CFTR were treated with 50 uM GM1 or/and 400 pg/ml LDL, in the
presence or not of Kaftrio 3uM VX-661, 2uM VX-445, SuM VX-770) for 24 hours. The figure reports a
representative Western Blot against CFTR, and its quantification. Calnexin was used as a loading control.
Densitometric analyses were performed using the ImageJ software. Data are presented in the graph as ratio of
the expression of band-c and -b, normalized on Calnexin. *p<0,05, **p<0.01 vs Kaftrio.
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Since | have previously observed that the molecular species of GM1 ganglioside with shorter acyl
chains, in particular GM1 C4 and C10, have a significant impact in increasing the band-c of CFTR at
the PM level (Figure 34), | decided to evaluate the effect of their combined administration with LDL
on the expression of F508del-CFTR.

Thereupon, F508del CFBE cells were treated either for 24 hours with GM1 C4 or C10, or with LDL
for 48 hours, with or without Kaftrio for the last 24 hours. Subsequently, cell lysates were assessed
for the maturation of F508del-CFTR (Figure 46). As it was expected, treatment with either GM1 C4,
GM1 C10 or LDL alone is not able to recover the mature form of CFTR. However, exogenous
administration of the molecular species of GM1 ganglioside significantly increases the content of
CFTR in cells treated with Kaftrio with reference to Kaftrio treatment alone. In addition, LDL
enhance the efficacy of the CFTR modulator in the rescue of the mutated protein, even having a
stronger effect than the molecular species of GM1. Nevertheless, the concurrent administration of the
two lipids, while enhancing CFTR maturation compared to Kaftrio treatment alone, exhibits only a
discernible tendency with respect to the combination of LDL and Kaftrio.
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Figure 46. Effect of the molecular species of GM1 and LDL on the rescue of F508del-CFTR in cells
treated with Kaftrio.

CFBE cells overexpressing F508del-CFTR were treated either with 50 uM GM1 C4 or GM1 C10, or 400
ug/ml LDL, in the presence or not of Kaftrio (3uM VX-661, 2uM VX-445, 5uM VX-770) in the last 24 hours.
The figure reports a representative Western Blot against CFTR, and its quantification. Calnexin was used as a
loading control. Densitometric analyses were performed using the ImageJ software. Data are presented in the
graph as ratio of the expression of band-c and -b, normalized on Calnexin. *p<0.05, **p<0.005, ***p<0,001
vs Kaftrio. Ns = not significative.
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Based on this evidence, | nevertheless proceeded with the biotinylation of the cell surface proteins to
isolate the CFTR and evaluate the possible additive effect of GM1 C4/C10 and LDL administration
to Kaftrio at the PM level, as performed previously. Hence, F508del CFBE cells were treated either
for 24 hours with GM1 C4 or C10, or with LDL for 48 hours, in the presence or not of Kaftrio. The
day after cells were incubated with EZ-Link™ Sulfo-NHS-Biotin for 30 minutes at 4°C, then they
were harvested, lysed and PM proteins were precipitated using streptavidin conjugated magnetic
beads. Consequently, samples of the lysates (PNS — post nuclear supernatant), intracellular proteins
(SAP — supernatant after precipitation) and proteins associated with the PM (P60 — precipitate
obtained at 60°C) were analysed with Western Blot (figures 47-49, respectively).

First of all, by verifying the presence of the PM markers in the P60 fraction, and their absence in the
SAP, as well as the occurrence of intracellular proteins, | evaluated the quality of the biotinylation
procedure. As seen in Figure 47, E-cadherin was present in the precipitate (P60), whereas GAPDH
were detectable only in SAP suggesting a high efficacy in the precipitation of PM proteins, under all
tested conditions. Moreover, Caveolin-1, a protein associated with lipid rafts, is afresh found at the

PM confirming the preservation of these lipid microdomains throughout the biotinylation procedure.
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Figure 47. Quality control of the isolation of PM proteins of F508del CFBE cells treated with Kaftrio in
the presence of the molecular species of GM1 and LDL.

Representative Western Blot against E-cadherin, GAPDH and Caveolin-1. CFBE cells overexpressing the
F508del-CFTR were treated either with 50 uM GM1 C4 or GM1 C10, or 400 pg/ml LDL, in the presence or
not of Kaftrio BuM VX-661, 2uM VX-445, 5uM VX-770) in the last 24 hours. After treatment, cell surface
proteins were biotinylated, then cells were lysed in microdomain preserving conditions. Consequently, post
nuclear supernatant (PNS) was subjected to precipitation with streptavidin-conjugated beads to isolate cell
surface proteins within the precipitate (P60) from intracellular proteins (SAP - supernatant after precipitation).
Ratio 1:1 for PNS and SAP, and 1:6 for PNS/SAP and P60.
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Secondly, I evaluated the pattern of the biotinylated proteins in all the conditions by incubation of the
membranes with HRP-conjugated streptavidin (Figure 48). In the P60 fraction, proteins of the cell
surface can be observed, whereas in the SAP they are not present. Therefore, | can confirm that the
biotinylation procedure allowed the isolation of almost 100% of the PM proteins without the

contamination of intracellular components.
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Figure 48. Pattern of the biotinylated proteins in F508del CFBE cells treated with Kaftrio in the presence
of the molecular species of GM1 and LDL.

The figure shows a Western Blot about the biotinylated, cell surface proteins. CFBE cells overexpressing the
F508del-CFTR were treated either with 50 uM GM1 C4 or GM1 C10, or 400 ug/ml LDL, in the presence or
not of Kaftrio 3uM VX-661, 2uM VX-445, 5uM VX-770) in the last 24 hours After treatment, cell surface
proteins were biotinylated, then cells were lysed in microdomain preserving conditions. Consequently, the post
nuclear supernatant (PNS) was subjected to precipitation with streptavidin-conjugated beads. Aliquots of each
condition were tested by immunoblotting incubating the membranes with HRP-conjugated streptavidin. SAP
(supernatant after precipitation), P60 (precipitate obtained at 60°C). Ratio 1:1 for PNS and SAP, and 1:6 for
PNS/SAP and P60.
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Last, but not least, | evaluated the maturation and stabilization of F508del-CFTR at the PM level
(Figure 49). As already discovered, LDL administration, when used together with Kaftrio, remarkably
increases the content of the band-c of CFTR associated with the cell surface with respect to cells
treated only with Kaftrio. On the contrary, | did not observe an additive effect neither of the molecular
species of GML1 to Kaftrio, nor of the combination of the GM1 C4 or C10 and LDL to Kaftrio when
analyzing the band-c in the P60 fraction. In addition, the presence of NHERF-1 in the precipitate
indicates that the isolation of the CFTR interactome was successful.
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Figure 49. Effect of the molecular species of GM1 and/or LDL administration on the expression of CFTR
at the PM level in F508del CFBE cells treated with Kaftrio.

Representative Western Blot against NHERF-1 and CFTR (A) and its quantification (B). F508del CFBE cells
were treated either with 50 uM GM1 C4 or GM1 C10, or 400 pg/ml LDL, in the presence or not of Kaftrio
(3uM VX-661, 2uM VX-445, 5uM VX-770) in the last 24 hours. After treatment, cell surface proteins were
biotinylated, then cells were lysed in microdomain preserving conditions. Consequently, post nuclear
supernatant (PNS) was subjected to precipitation with streptavidin-conjugated beads to isolate cell surface
proteins within the precipitate (P60). (SAP - supernatant after precipitation). Data are presented as arbitrary
units of the precipitated band-c of CFTR considering all conditions. *p<0,05 vs Kaftrio. Ratio 1:1 for PNS and
SAP, and 1:6 for PNS/SAP and P60.
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Multiple lines of evidence highlight the active involvement of lipids, particularly sphingolipids and
cholesterol, in various aspects of cystic fibrosis. Indeed, altered sphingolipid metabolism in CF
bronchial epithelial cells contributes to a high pro-inflammatory state, severe inflammatory
responses, and increased susceptibility to bacterial infections, characteristic features of CF patients
[63, 75]. Ceramide, a specific sphingolipid, is implicated in recurrent infections and chronic
inflammation, influencing cell death, bacterial binding, and the release of inflammatory mediators,
leading to the onset of the CF lung disease [200, 206, 207]. Additionally, certain glycosphingolipids
(GSLs), like asialo-GM1 and asialo-GM2, serve as receptors for bacterial binding, further

complicating the disease pathology [202].

CFTR, positioned at the apical membrane of epithelial cells, is associated with lipid rafts that are
specific portions of the PM enriched in saturated lipids, sphingolipids, and cholesterol that organize
macromolecular complexes crucial for cell signaling control. In fact, studies revealed a direct
relationship between CFTR expression and plasma membrane lipid levels in human bronchial
epithelial cells. On the one hand, it was reported that the lack of CFTR in the PM correlates with
reduced levels of GM1 ganglioside, affecting cell migration and 1-integrin signaling, supported by
a defect in wound healing in CF patients [42, 43]. On the other hand, distinct populations of CFTR
within the PM were observed showing differential dynamics, mostly depending on cholesterol
concentration. One, that is in clusters displaying confinement in lipid rafts and another, being
diffusely distributed along the PM [44-46].

Given the current understanding that a proper PM microenvironment, involving a selected pattern of
proteins and lipids, is crucial for maintaining the stability and functionality of CFTR, emerging
therapies for CF must not only focus on rescuing the mutated channel but also on restoring its
interactome, addressing both protein and lipid composition to ensure comprehensive therapeutic
efficacy. The introduction of the CFTR-modulator combinatory therapy Orkambi in 2015 for CF
patients with homozygous F508del mutation was aimed to restore the function of the mutated channel.
Despite initial benefits, chronic treatment with Orkambi yielded modest and limited effects on lung
function [121, 122]. Studies proved that VX-770, the potentiator of Orkambi, negatively impacted
the rescue effect of VX-809 on F508del-CFTR, destabilizing the mature form of the protein at the
PM [123]. Notably, Orkambi induced a decrease in GM1 content in F508del CFBE cells, however,
exogenous administration of this lipid alongside modulators increased the cellular levels and channel
activity of the mature form of F508del-CFTR [43]. The latest CFTR-modulator Kaftrio, administrable
to around 90% of CF patients carrying the F508del mutation at least in one allele, shows significant
improvements in the quality of life [133-135]. Although Kaftrio contains VX-770, its destabilizing
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effect is mitigated by the presence of two correctors, VX-661 and VX-445, offering a promising
therapeutic approach for CF.

Based on these findings and assumptions, in my PhD project first, | evaluated the effect of Kaftrio
treatment on the lipid composition of WT and F508del CFBE bronchial epithelial cells to see whether
it provokes alterations. In fact, administration of the three modulators led to a significant reduction in
the levels of LacCer both in cells overexpressing the mutated CFTR and in WT CFBE cells, in which
its levels are higher in general. In addition, | observed that regarding the gangliosides, in the cell line
with the mutated protein the levels of GM3 are notably higher, and the levels of GM2 and GM1 are
significantly lower with respect to the WT CFBE cell line. Treatment with Kaftrio formulation
resulted in some modifications, such as the content of GM1 and GD1a increased in F508del CFBE
cells, as the content of GT1b, which increased considerably also in cells overexpressing WT-CFTR.
The changes in the lipid composition of cells upon administration of the modulators were actually
attributable to the potentiator VX-770, as confirmed by the analysis of the effect of the single
components of Kaftrio. The alterations in the lipid pattern are most probably due to alterations in the
activity of important lysosomal glycohydrolytic and biosynthetic enzymes involved in the
sphingolipid metabolism, as a result of Kaftrio treatment. Indeed, the activity of the non-lysosomal
B-glucocerebroside (NLGase) showed a significant increase, while the activity of f-hexosaminidase
and B-galactosidase was reduced in F508del CFBE cells, as was the activity of GCase. The difference
in the effect of Kaftrio on lysosomal GCase activity compared to plasma membrane associated
NLGase could be explained by the distinct direct influence of modulators on the enzyme when it is
associated with lysosomes or the cell surface. Furthermore, the pharmacological treatment induced
alterations in the activity of two key enzymes involved in the SL metabolism. On one hand, the GM3
synthase, which is responsible for the formation of GM3 from LacCer, and on the other, the sialidase
Neu3, which leads to the formation of GM1 or LacCer, removing sialic acid residues. | found that the
level of GM3 synthase is elevated, instead, the level of sialidase Neu3 is decreased in F508del CFBE
cells with respect to the WT CFBE cell line. However, upon treatment with Kaftrio, | observed an
increase in the activity of the GM3 synthase in F508del CFBE cells, and a decrease the in activity of
the sialidase in both WT and F508del CFBE cells. These results further support my findings about
the increased content of GM1 and GD1a of treated mutated cells, whereas the reduced content of
LacCer of both cell lines, and could explain the differences between the lipid composition of these

two cell lines.

As | have already mentioned before, administration of GM1, most likely by reorganizing the lipid
environment of the protein, increased the maturation of F508del-CFTR and its channel activity in CF

cells treated with Orkambi [43]. In case of Kaftrio, | have seen that this drug, unlike Orkambi,
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increases the GM1 ganglioside level in F508del CFBE cells. However, to verify whether GM1
administration, also in case of CF cells treated with Kaftrio, has an additional effect in ameliorating
the stability of the mutated protein, in my PhD project | addressed this aspect. Therefore, | treated
F508del CFBE cells with the components of Kaftrio and observed that Kaftrio itself has a better
efficacy in rescuing the F508del-CFTR, as the destabilizing effect of the VX-770 is less significant.
What’s more, GM1 administration appears to further increase the efficiency of modulators on the
recovery of the mature form of CFTR, also when the protein is at the cell surface. In addition, for
what concerns the molecular species of GM1, | could verify that those with shorter acyl chains were
found to be highly effective in improving the PM stability of the rescued mutated CFTR. In fact,
administration of GM1 with shorter acyl chains (GM1 C4 and C10), at the same concentration used
before for the mixture of GM1 molecular species, significantly contributed to the maturation and
stability of the mutated protein rescued by correctors. This enhanced effect is likely attributed to a
greater cellular uptake of GM1 molecules. Indeed, gangliosides, like any amphiphilic molecule, tend
to aggregate in aqueous solutions, forming small, ellipsoidal micelles. These micelles are typically in
equilibrium with free monomers, with a critical micellar concentration (c.m.c.) ranging from 10°M
to 10° M. C.m.c. indicates the concentration at which the molecules, in this case the gangliosides,
initiate the organization into micelles. The c.m.c. of a ganglioside solution varies depending on, for
example, the structure of ceramide. In particular, shorter fatty acid lengths correspond to higher
c.m.c., and higher c.m.c. values result in a greater presence of monomers in the solution [217]. As
only monomers integrate into the PM, operating at an equal concentration (50 uM of GM1) with
ganglioside molecular species having shorter acyl chains would result in a higher quantity of
monomers in the solution. Consequently, this leads to increased cellular uptake of GM1 C4 and C10
by cells. This observation could explain the promising results obtained by the administration of GM1
molecular species with shorter acyl chains in stabilizing the mutated-rescued protein at the cell
surface. On the other hand, it is also important to notice that the ceramide portion of the ganglioside
has a fundamental role for the observed effect, since oligo-GM1, consisting of only the
oligosaccharide part of GM1, has no consequences on the maturation of F508del-CFTR (data not
shown). In addition, | obtained similar results to GM1 administration also after administering Liga20,
a lyso-derivative of GM1, to mutated CFBE cells. Liga20 contains the lipid moiety N-
dichloroacetylsphingosine as the hydrophobic portion of the sphingolipid, and studies have revealed
that the c.m.c. of this lysoGM1 is more dense than that of GM1 [218]. Therefore, its properties
contribute to decreasing the probability of molecular self-aggregation, leading to an enhanced

insertion into the lipid bilayer.
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Furthermore, I also confirmed the effect of GM1 on the stability of mutated CFTR at the cell surface
while using the protein synthesis inhibitor cycloheximide (CHX) during P. aeruginosa infection.
Indeed, GM1 reduced the negative effect of VX-770 on the PM stability of F508del-CFTR, corrected
by the use of VX-661 and VVX-445, at all of the analyzed time points after CHX administration, even

in the presence of PAO1, suggesting a protective effect of this ganglioside.

As previously stated, for the stability and function of the CFTR at the PM level the formation of a
proper microenvironment with the involvement of both proteins and lipids is of necessity. Apart from
the SLs, the other lipid whose presence is fundamental in the macromolecular complex is the
cholesterol. In the literature, there are contradictory opinion about the level of cholesterol in CF
bronchial epithelial cells, with some saying it is deceased, and some that it is increased. However,
cholesterol and CFTR were found to exhibit reciprocal interaction regarding protein confinement in
lipid rafts, and dynamics [45, 46]. Therefore, as for the last part of my PhD studies, | primarily wanted
to analyze the alterations in the cellular cholesterol content upon the F508del mutation, if any, also
following the treatment of cells with Kaftrio. In fact, | have demonstrated that the level of cholesterol
is decreased in CF cells expressing the mutated form of CFTR with respect to WT-CFTR cells, and
that Kaftrio reduces its level ulteriorly in both cell lines. Based on this evidence, next, | investigated
whether restoring the lipid composition of the CFTR microdomain by exogenous administration of
cholesterol could ameliorate the effectiveness of Kaftrio on rescuing F508del-CFTR. With the aim to
deliver cholesterol to the cells, I have chosen a physiological vehicle consisting in the use of
lipoproteins, in particular low-density lipoprotein (LDL), as LDL is known to carry the majority of
cholesterol in the circulation. To decide at what concentration would it be optimal to add LDL to the
cells, 1 considered the following evidence: in a healthy population, LDL-cholesterol typically
circulates within the range of 100-130 mg/dl. However, in CF patients, this value is significantly
decreased, approximately 60-70 mg/dl. In addition, the level of triacylglycerol lipase in CFBE cells
is notably low, indicating a diminished capacity to hydrolyze triglycerides, essential components of
the lipoprotein. Therefore, to mitigate potential toxic effects of cholesterol and triglycerides on CFBE
cells, I have experimented with using a lower LDL concentration as opposed to concentrations within
the general range, and performed cell vitality assays. | have treated F508del CFBE cells with LDL
both for 24 and 48 hours, and | did not observe any significant toxic effect at 400 pg/ml final
concentration. Afterwards, conducting Western Blot analysis, | found that LDL-cholesterol
administration alone does not have any significant effect in the F508del-CFTR rescue. However, it
seems to improve the trafficking of the immature form of the protein, as the levels of the band-b of
F508del-CFTR are increased upon LDL administration. | also repeated the experiment in presence of
treatment with the components of Kaftrio and | observed, similarly for the results with GM1, an
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increase in the expression of the mature form of CFTR, revealing an additive effect of cholesterol to
Kaftrio on the maturation of the rescued-mutated protein. Moreover, LDL strongly emphasizes the
CFTR correction regarding both forms of the protein also at the PM level, even in a more significant
way than GM1 before, suggesting its direct involvement in the mechanisms that favor the trafficking
of F508del-CFTR toward the cell surface. Unfortunately, | did not notice an accumulative adjuvant
effect on the recovery of the protein at the cell surface when administering GM1 and/or its molecular

species together with LDL, only a tendency to it.

Taken together, we could say that understanding the lipid profile and enzyme activities of CF cells
may provide insights into potential therapeutic targets to improve the overall health of individuals
with cystic fibrosis. Moreover, these results indicate that exogenous administration of either GM1
and its molecular species, or cholesterol to F508del CFBE cells could restore the properties of the
PM similar to those in case of WT-CFTR, allowing the establishment of proper physiological working

conditions for the correctors to rescue the mutated protein, also in the presence of PAOL infection.
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Multiple findings for CFTR interactome focus on the protein side, whereas there is only few
information on the role of lipids. The data obtained during my PhD studies could open a new scenario
related to the CFTR-PM interactome, indicating that only a proper coordination between lipids and
specific proteins could create a PM microenvironment that is able to host the CFTR and ensure its
stability and function. Moreover, this experimental evidence contributes to the comprehension of

secondary mechanisms of action of Kaftrio treatment.

The pursuit of innovative therapies continues to shape a new era for CF patients, emphasizing the
need for sustained research and development in the field. Therefore, in the time of CFTR modulators,
modifications of the SL pattern or the cholesterol content could represent an important adjuvant
approach to further stabilize the rescued mutated channel at the cell surface. In addition, the study of
the adverse effects of the modulators on the CFTR PM stability remains a high priority and could be

useful to better address new therapeutic strategies for CF patients.
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Figure 50. Image illustrating how the introduction of ganglioside GM1/cholesterol to the plasma membrane
of bronchial epithelial cells carrying the F508del mutation can improve PM stability of mutated CFTR in the
presence of CFTR modulators. Image from [137].
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