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ABSTRACT

Nonsense mutations cause approximately 11% of inherited diseases, including Cystic fibrosis (CF), Duchenne
Muscular Dystrophy (DMD), and some Primary Immune Regulatory Disorders (PIRD) can be mentioned.
Nonsense mutations, also known as stop mutations, result in the presence of a premature termination codon
(PTC) in the mRNA sequence, leading to premature translation termination. The consequence is the production
of a truncated and non-functional protein, which is degraded. Simultaneously, the nonsense-mediated pathway
(NMD) is activated, eliminating the available mRNA pool for translation. Currently, there is no cure for this
genetic defect, resulting in life-threatening pathologies, such as CF or PIRD.

CF is specifically caused by mutations in the gene encoding the Cystic Fibrosis Transmembrane Conductance
Regulator (CFTR) protein. About 2500 different mutations are associated with CF with the most common
being a three-base pair deletion causing the loss of phenylalanine at position 508 (AF508). Nonsense mutations
in the CFTR gene represent approximately 10% of CF cases, resulting in the absence of functional protein and
a more severe form of the disease.

Apart from symptomatic approaches to care for CF patients, a pharmaceutical strategy targeting the specific
genetic defect has been pursued. Heterocyclic scaffolds play a crucial role in the personalized medicinal
approach, as demonstrated by numerous studies in the CF field.

Similarly, PIRD is a heterogeneous group of immune diseases caused by 430 genes, among which
Lipopolysaccharides (LPS)-Responsive Beige-like Anchor (LRBA) has been identified. The LRBA deficiency
disease has been recently described, highlighting its multiple effects due to the ubiquitous localization of the
LRBA protein, e.g., immune cells and endocytosis vesicles.

Concerning nonsense mutations, in the last years, the experimental approach proposed for these genetic
alterations is the premature termination codon (PTC) translational readthrough (TR) by small molecules. These
molecules promote the bypass of the PTC, allowing the production of a full-length protein.

The current proposal aims to study three new Translational Readthrough-Inducing Drugs (TRIDs) (NV848,
NV914, and NV930) in a model system for CF and LRBA-PIRD.

The first part of the project was focused on CF and involved both in vivo and in vitro systems.

After evaluating the acute toxicity in vivo of the three NV molecules, attention was focused toward NV848, to
study the biodistribution in a wild-type mouse model and the efficacy in a CF-nonsense murine model.
Additionally, CF-nonsense-engineered cell lines (16HBEge) were used to assess if CFTR functionality was
restored under NV848 treatment, utilizing the Ussing chamber technique.

The project's second part aimed at rescuing the LRBA protein in a specific nonsense mutation using the three
NV TRIDs. The study specifically investigated the TRIDs’ effectiveness on LRBA expression, and
functionality in human primary fibroblasts carrying the stop mutation ¢.5047C>T (p. Argl683*) after
prolonged treatments with the TRIDs.



1 INTRODUCTION

1.1 The advent of personalized medicine.

The development and spreading of new technologies in molecular and clinical biology made possible the origin
of the important and futuristic concept of personalized medicine.

This term indicates a new approach based on a deep knowledge of each patient, involving many aspects of the
same, considering all the factors that can influence the way a patient can be treated at the best.

In this view, the first relevant innovation that contributed to defining personalized medicine is the emergence
of the “omics sciences”, such as genomics, proteomics, transcriptomics, and epigenomics. Due to this new
vision, the consideration of inter-personal variability has risen among clinicians and researchers, and
understanding the genetic and environmental background is very significant for therapy exigences (Goetz L.

H., et al. 2018) (Figure 1).
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Figure 1. Schematic workflow of interdisciplinary and omics approaches for personalized medicine, for the

design of the treatment based on the relation between genotype and phenotype (Kénig, 1. R., et al., 2017).

For this reason, traditional medicine has recently been flanked by personalized medicine, creating the new
concept of translational medicine, made up by the interplay between basic and clinical research.
In fact, for example, genotyping and next-generation sequencing have deeply helped in treating some types of

cancers, or rare genetic diseases (Barry P. J., et al., 2021).



In this scenario, designing specific treatments based on the genetic defect results in a promising approach.
Moreover, in the field of rare genetic diseases, different pathologies share a similar genetic defect that could

be dealt with the same way by an interdisciplinary approach.

1.2 Nonsense-related diseases (NRDs).

It has been estimated that about 11% of genetically inherited diseases are caused by nonsense mutations (Mort
M., et al., 2008; Ghelfi M.D., et al., 2023). Different pathologies are known to be interested by this alteration,
even if the percentage of nonsense mutations for every specific disease is various. Some examples of nonsense
genetic inherited diseases are the Fabry’s disease, the Duchenne Muscular Dystrophy (DMD), the
Choroideremia, the Lipopolysaccharide (LPS)-responsive and beige-like anchor (LRBA)-Primary Immune
Regulatory Disorder (PIRD), and the Cystic Fibrosis (CF) (Schaefer E., et al., 2005; Wilschanski M., 2012;
Lopez-Herrera G., et al., 2012; Bladen C., et al., 2015; Imani S, et al., 2018; Neri M., et al., 2020; Zhang M.,
etal., 2021) (Table 1).

Disease % Nonsense mutations
Fabry’s disease 13% (Schaefer E., et al., 2005)
Duchenne Muscular Dystrophy 14% (Neri M., et al., 2020)
Choroideremia 39% (Imani S., et al., 2018)

LRBA- Primary Immune Regulatory Disorders < 1% (de Valles-Ibanez G., et al., 2018)

Cystic Fibrosis 10% and 20% in Italy (Elborn J. S., 2016;
Campagna G., et al., 2022)

Table 1. Percentage insurgence of nonsense mutations in different genetic disorders, considering rare and

ultra-rare pathologies.

Nonsense mutations cause the production of a premature termination codon (PTC) in the mRNA sequence,
because one of the three natural stop codons, UGA, UAA, and UAG, is inserted in-frame, in place of a codon
codifying for an amino acid. This causes the presence of a termination signal upstream of the natural
termination codon (NTC), leading to the premature interruption in the translation process, during the

polypeptide formation (Mort M., et al., 2008; Clarke L.A., et al., 2019; Potapova N. A., 2022) (Figure 2).
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Figure 2. lllustration of the translation interruption occurring when a nonsense mutation causes the presence
of a PTC in the mRNA sequence. The termination complex (eRF1-eRF3) allows the recognition of the stop
signal, causing the ribosome stalling at the PTC and the production of a truncated and nonfunctional protein,
with the final release of mMRNA from ribosome subunits and translation product degradation (Adapted from
Dabrowski M., et al., 2018).

The three termination codons, UGA, UAA, and UAG (namely, opal, ochre, and amber) are differently
occurring as PTC in eucaryotes, respectively with a percentage of 51%, 31% and 18% (Benhabiles H., et al.,
2016).

Generally, the translation termination takes place when a stop codon (UGA, UAA, or UAG) occurs in the A
site of the ribosome, causing the competition between the recruitment of the translation termination complex
and near-cognate tRNAs (nc-tRNA), which could identify two of the three bases of the stop codons and allow
the insertion of a codifying amino acid instead of the stop signal (Keeling K. M., et al, 2014; Palma M. and
LeJeune F., 2020).

Particularly, in eucaryotes the Release Factor 1 (eRF1) is responsible for the identification of stop codons
(Brown A., et al., 2015). Moreover, another factor is important to the definitive recognition of the stop codon,
the Release Factor 3 (eRF3), a GTPase, which binds and is activated after the interaction with the poly-A
binding protein (PABP). After GTP hydrolysis, eRF3 induces conformational changes in eRF1. This consents
eRF1 to be positioned in the P site of the ribosome and allows the release of the nascent polypeptide together
with ribosome 40S and 60S subunits disassembly (Keeling K. M., et al., 2014; Hellen C.T.U., 2018) (Figure
3).
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Figure 3. Mechanism of natural translation termination, involving eRF' I and eRF3 factors, with the production

of a full-length protein (Adapted from Lombardi S., et al., 2020).

As described above, the presence of a stop codon causes the production of a truncated protein, also not
functional and rapidly degraded, which results in the total absence of any protein product (Keeling K. M., et
al., 2014).

Another limit of the presence of a PTC in an mRNA is the surveillance pathway that recognizes and degrades
the nonsense-mRNAs, known as nonsense-mediated mRNA decay (NMD).

NMD is one of the intracellular pathways responsible for maintaining cellular homeostasis, acting to eliminate
aberrant mRNAs, but it is also involved in organism development, transcription, gene silencing, and DNA
repair (Isken O. and Maquat L. E., 2007; Romao L., 2019).

When the nonsense-mRNAs are degraded by the NMD pathway, the consequence is the absence of the specific
mRNA pool and, consequently, the lack of protein translation.

NMD is canonically divided into two typologies: the exon junction complex (EJC)-dependent and the EJC-

independent.

1.2.1 The EJC-dependent and EJC-independent NMD.

After transcription and pre-mRNA formation, the splicing process is performed for the maturation of mRNA,
and the multiprotein exon junction complex (EJC) is localized 20-24 nucleotides (nt) upstream of the splicing
site, in the exon-exon junction (ex-ex j) (Le Hir H., et a/.,2001; Lombardi S., et al., 2020).

This is a signal for the recognition of incorrect mRNAs by NMD factors. When translation needs to start and
ribosomes are assembled on mRNAs, several actors are nearby, such as those for the NMD pathway, because
translation termination or mRNA degradation destinies depend on the dynamism of the ribosome itself.
Indeed, if the PTC is localized 30 nucleotides upstream of the open reading frame (ORF), as for NTCs, the
ribosome proceeds rapidly, removing EJC, and avoiding NMD (Bongiorno R., et al., 2021). If the PTC is
placed >50-55 nt upstream of the ex-ex j, this causes the stalling of the ribosome and impedes the discard of

EJC, which acts as a platform for NMD proteins.



Particularly, the SURF protein complex is recruited at the blocked ribosome. SURF is composed of four main
proteins: the Serine/threonine-protein kinase SMG1, a phosphatidylinositol 3-kinase (PI3K)-related protein
kinase, Up-Frameshift Suppressor 1 (Upfl), an ATP-dependent RNA helicase, eRF1, and eRF3. Subsequently,
when a PTC is recognized, the SURF complex binds to the mRNA-bound ribosome, and Up-Frameshift
Suppressor 2 (Upf2) and 3 (Upf3) are then mobilized to form the DECID (DECay InDucing) complex, which
permits the activation of Upfl by SMGI phosphorylation, thus allowing Upfl to employ SMG6, an
endonuclease, and the heterodimer SMGS5 and SMG7. These last factors are necessary to induce mRNA
decapping and deadenylation, mechanisms necessary to expose the mRNAs and proceed with their
degradation. Also, Upfl presence avoids the formation of other translation initiation complexes on the targeted
mRNA. Lastly, Upfl is dephosphorylated by protein phosphatase 2 (PP2A), DECID and SURF complexes are
dismantled, and proteins are recycled for other NMD rounds (Isken O. and Maquat L. E., 2007; Popp M. W.
and Maquat L. E., 2013; Kurosaki T., et al., 2019; Lombardi S., et al., 2020; Andjus S., et al., 2021) (Figure
4).
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Figure 4. Normal translation termination or EJC-dependent NMD activation after mRNA splicing (Lombardi
S., etal., 2020).

Notably, also the PABP is decisive in activating NMD, as recently explained in the new proposed model of

the EJC-independent NMD, prior found in yeast and recently also in mammals (Kervestin S., ef al., 2004; Silva
6



A. L., et al., 2008; Lindeboom R. G., et al., 2016; Bongiorno R., et al., 2021). It is thought that mRNAs with
extended 3°-UTR regions result free from EJC binding. Thus, if the stop codon is placed near the poly(A) tail,
PABP-eRF3 assembly is ensured at the PTC, but, when PTC occurs far from 3’UTR, this interaction is failed,
and this is the signal to elicit NMD (Biihler M., et al., 2006; Popp M. and Maquat L. E., 2013; Lombardi S.,
et al., 2020). From this moment, SURF complex recruitment and all the steps described above are shared
between the two NMD mechanisms (Metze S., ef al., 2013).

However, seeing that Upfl is always recruited on mRNAs, the discrimination between PTC and NTC and of
NMD substrates depends on the maintenance or the dissociation of Upfl and its hydrolysis activity (Karousis

E. D. and Miihlemann O. 2019; Andius S., et al., 2021) (Figure 5).
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Figure 5. The distinction between EJC-dependent and independent NMD, in mammals and yeast, respectively
(Isken O. and Maquat L. E., 2007)

Even so, it has been reported that there is a 5-25 % of altered mRNAs that can escape NMD, being successfully
translated into truncated proteins or, if a correction mechanism occurs, in full-length and probably functional

proteins (Isken O. and Maquat L. E., 2007; Lombardi S. et al., 2020).



In the context of nonsense mutation rescue, an important strategy could be represented by the inhibition of the
NMD pathway. Nowadays, there are several NMD inhibitor compounds discovered and synthetized to this
scope, used in pre-clinical models, but the toxicity and the risks for human health need to be better understood
for use in clinical experimentation (Spelier S., ef al., 2023).

To date, the main molecules that represent the most promising NMD inhibitors are caffeine, SMG1i, NMDI14
(or NMD-14), 5-azacytidine, and Amlexanox, having in common the ability to stabilize mRNA levels.
Caffeine was demonstrated to be able to suppress Upfl phosphorylation and, consequently, inhibit SMG1
protein (Usuki F., et al., 2004; Lentini L., et al., 2019).

In the same manner, SMG1i targets SMG1 protein and it was identified in 2012 by Gopalsamy and colleagues,
presenting a pyrimidine-like structure (Gopalsamy A., ef al., 2012).

NMDI14 was identified in 2014 to be well tolerated in different cell systems, and its action aims to impede
SMG7-UPF1 interactions, interfering with NMD machinery (Martin L., et al., 2014).

Surprisingly, 5-azacytidine, a natural analogue of cytidine, approved by the FDA as a drug for the treatment
of myeloid leukaemia, was discovered to be an NMD inhibitor by screening in reporter cells. Its function is
strictly correlated to its ability to induce MY C expression, one of the major actors involved in cell growth and
proliferation (Wang D., et al., 2011; Bhuvanagiri M., et al., 2014; Pawlicka K., et al., 2020; Spelier S., et al.,
2023).

The last drug to be described is Amlexanox, which is an anti-inflammatory and anti-allergic drug, that in the
last decade was also seen to be active in promoting both readthrough and NMD inhibition, with the reduction
of Upfl phosphorylation (Wang X., et al., 2020).

Hence, NMD pathway inhibition could be a clever approach to allow, on one hand, the stabilization of PTC-
mRNAs, and, on the other hand, to boost the readthrough activity of TRIDs synergistically.

1.3 The translational readthrough mechanism.

When a PTC occurs in the mRNA sequence, the NMD surveillance pathway degrades aberrant mRNAs, but
as explained above, a percentage between 5% and 25% of PTC-mRNAs can escape NMD (Isken O. and
Magquat L. E., 2007; Lombardi S. et al., 2020).

In this event, aberrant mRNAs can undergo a translation process, with two possible consequences: i) the
premature translation termination, with the production of a truncated protein, which is degraded; ii) the
translation normally takes place, passing over the stop codon and producing a complete protein.

The stop codon bypass is due to the insertion of a nc-tRNA instead of the stop signal in the site of stop codon
recognition, with a major binding energy than the release factors, allowing to continue the translation, rather
than provoking its blockage (Palma M. and LelJeune F., 2021).

This last mechanism is called translational readthrough (TR) and it can be distinguished into three different
types: I) non-programmed TR, which occurs in less than 0.1%, most efficiently in UAA stop codons; II)
programmed TR: is generally involved in the production of elongated protein, frequently observed for the

creation of protein isoforms (Sahoo S., et al., 2022); III) induced TR: is performed by specific molecules that
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promote a forced failure in the proofreading ribosome activity, to facilitate the production of full-length
proteins in the pathological conditions due to PTC-harbouring mRNAs (Palma M and LeJeune F., 2021)
(Figure 6).
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Figure 6. Graphical description of the three types of translational readthrough: a) non-programmed, b)
programmed, c¢) induced (Palma M. and LeJeune F., 2021).

Moreover, UGA is found the most efficiently corrected. Specifically, it was also seen that UGA stop codon is
most frequently corrected in arginine, cysteine, and tryptophan, while UAG and UAA in tyrosine, glutamine,
and lysine (Bidou L., ef al., 2012; Roy B., et al., 2016).

However, several factors influence the achievement and the results of TR, mainly the genetic context and the
intracellular surveillance by the NMD.

The nucleotides surrounding the PTC, precisely the positions from -6 to +9 play an important role in TR.
Floquet and colleagues demonstrated that two principal determining factors influence the outcomes of the
translation termination efficiency. Particularly, a cytosine (C) in position +4 and uracil (U) at -1 are correlated

to a higher TR, indicating U-stop-C as a possible “consensus sequence” for the TR (Floquet C., et al, 2012).
9



At the same manner, an adenine (A) at -1 or -2 position can favour TR by mRNA structure distortion in the P
site, playing a relevant role in the competition between eRF1 and nc-tRNA (Tork S., et al., 2004; Dabrowski
M., et al., 2015).

Finally, Wangen and Green have found that purine at the +1 position balances the equilibrium toward the
termination of the translation, while a pyrimidine promotes the TR, as well as the two nucleotides downstream
of the stop codon are crucial in the TR mechanism, affirming that A and U immediately nearby the stop codon
facilitate the readthrough, oppositely the guanosine (G) and the C (Wangen J. R., and Green R., 2020; Palma
M. and LeJeune F., 2020; Beryozkin A., et al., 2023) (Figure 7).

Figure 7. Genetic context actors that influence the readthrough mechanism (Beryozkin A., et al., 2023).

Ultimately, Potapova reported that the position of the stop mutation in the mRNA is also worth, underlining
that if PTCs are localized at the beginning of an ORF, near the AUG initiation codon, or at the end of the
mRNA, near the poly-A tail, the mutation will not impact on the translation of the protein, because it is possibly
removed or maintained, if not involving protein function (Potapova M. A., 2020).

Consequently, the lack of the protein, due to nonsense mutations is responsible for a severe phenotype; thus,
the study of nonsense mutations is a challenge for researchers and clinicians. In addition, knowing the factors
influencing TR could represent an instrument for genotype-specific patient treatment, that is at the base of the
targeted therapy, in the view of the personalized medicinal approach.

The present project will focus attention on two main genetic diseases: Cystic fibrosis (CF) and
Lipopolysaccharides (LPS)-Responsive Beige-like Anchor (LRBA) deficiency caused by nonsense mutations
and the possibility of rescuing the expression of the related proteins by the use of molecules that possess

readthrough activity (Pibiri L., ef al., 2015; Pibiri L., et al., 2020).
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1.4 Cystic Fibrosis (CF).

1.4.1 Cystic Fibrosis (CF).

CF is an autosomal recessive disease affecting 1:2,500 newborns in Europe and 1:3,500 in the USA, and, more
recently, it has been reported that the worldwide number of people affected by CF is around 160,000, whose
35% still undiagnosed (Cystic Fibrosis Foundation Patient Registry. 2017. 2016 Annual Data Report. Bethesda,
MBD: Cystic Fibrosis Found) (Figure 8).

Carrier Parents

. ‘ Carrier
w ? KK Unaffected
Affected

] |
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0 25%
25% 50%

Figure 8. Genetic hereditary pattern of autosomal recessive diseases.

CF was described for the first time by Guido Fanconi and two years later (1938) by Dr. Dorothy H. Andersen
(Andersen D. H., 1938). Then, in 1989, Riordan and collaborators characterized and identified the gene causing
the pathology, the Cystic fibrosis Transmembrane Conductance Regulator (CFTR) gene (Clague S., 2014),
also known as ATP-binding cassette (ABC) subfamily C member 7 (ABCC?7), because its membership to the
ABC gene family.

CFTR gene is localized in the long arm of chromosome 7 (7q31.2) and it is constituted by 27 exons, codifying
for a 1480-amino acids glycoprotein, localized into the bilayer of the plasma membranes of epithelial cells

(Riordan J. R., et al., 1989) (Figure 9).
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Figure 9. CFTR gene (A, B), transcript (C), and 2D and 3D protein structures (D, E) (Adapted from Lopes-
Paceco M., 2020).

This protein is responsible for the ionic transport between the basal and the apical sides of cells, precisely
involving chloride (CI°) and bicarbonate flux (HCO5"). Like the other ABC proteins, the structure is composed
of three main domains: the transmembrane domain (TMD), the regulator (R), and the nucleotide-binding
domain (NBD) (Dawson R. and Locker K., 2006; Liu F., et al., 2017).

Precisely, the protein is constituted by two TMDs, counting 6 alpha helices each, which are linked to two
NBDs on the intracellular side, in turn connected to the central R domain. The protein forms a channel mainly
appointed to the transport of chloride, whose functionality is strictly regulated. Specifically, to obtain an open
conformation, NBDs need to form a dimer through the ATP binding and be fully activated when the R domain
is phosphorylated by Protein Kinase A or C (PKA) or (PKC) (Vergani P., et al., 2005). Contemporary, PKA
or PKC activation is realized by cAMP, so its production is necessary for the upstream CFTR activation (Della

Sala A., et al., 2021) (Figure 10).
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Figure 10. Mechanism of activation that allows the open state conformation of CFTR protein under
PKA/cAMP regulation and representation of the chloride transport through apical membranes following

intracellular domains reorganization (Della Sala A., et al., 2021).

The protein is localized in the apical membranes of epithelial cells of several organs, such as lungs, pancreas,
liver, intestines, sweat glands, and vas deferens, underlying the relevant importance played by the channel
protein in the physiological system and the multi-organs effects registered with CFTR impairment (Denning
G. M., etal., 1992; Wang Y., et al., 2014; Lukasiak A. and Zajac M., 2021).

To date, over 2,500 mutations have been identified (CFTR1 database, http://www.genet.sickkids.on.ca), where
about 75% of patients carry at least one allele with the most common defect, the CTT deletion between
nucleotides 1521 and 1523, causing the phenylalanine deletion in position 508, while 10 % of people with CF
harbour one nonsense mutation (Cystic Fibrosis Foundation Patient Registry. 2017. 2016 Annual Data Report.
Bethesda, MD: Cystic Fibrosis Found). Considering the difficulties and the variability in describing all CFTR
mutations, in 2014 De Boeck and Amaral proposed a simplified classification, based on the typology of the
mutation, the possible therapeutic approaches, and the impact on life living (De Boeck K., and Amaral M. D.,
2016).

In the below-described classification, the lowest number of the category corresponds to a major phenotype

severity (Figure 11-12):
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Traditional classification | | Class| Class Il Class il Class IV ClassV Class VI
Proposed classification | ‘ Class 1A ‘ ‘ Class IB ‘ ‘ Class I | | Class It | | Class IV | ‘ ClassV ‘ | Class VI |
De Boeck and Amaral's Class Vil Class | dass i Class il Class IV ClassV Class VI
classification
CFTR defect No mRNA No protein No traffic Impaired gating Decreased Less protein Less stable
conductance
Mutation examples Dele2,3(21 kb), Gly542X, Phe508del, Gly551Asp, Arg117His, 3272-26A—G, c. 120del123,
1717-1G—A Trp1282X Asn1303Lys, | | Ser549Arg, Arg334Trp, 3849+10kg rPhes80del
Ala561Glu Gly1349Asp Ala455Glu =T
Corrective therapy Unrescuable Rescue synthesis | | Rescue traffic | | Restore channel | | Restore channel | | Correct splicing Promote
activity activity stability
Drugs (approved) Bypass therapies | | Read-through Correctors Potentiators Potentiators Antisense Stabilisers
(no) compounds (no) (yes) (yes) (no) oligonucleotides, (no)
correctors,
potentiators? (no)
Clinical features More-severe disease Less-severe disease
(global aspect)

Figure 11. Classification of CFTR mutations according to Marson and colleagues (Marson F. A. L., et al.,
2016).

Class I has recently been divided into two subclasses by Marson ef al.: IA and IB (Marson F. A. L., et al.,
2016). Class IA includes the mutation known as “un-rescuable”, often due to the presence of a splicing
mutation or severe deletions. An important and mostly detected mutation in Europe is a 21kb deletion,
consisting of deletion from intron 1 to 3 (dele2,3), bringing to the production of a PTC and associated with
a severe phenotype, characterised by a serious pancreatic insufficiency (Marson F.A. L. et al., 2016; Pranke
L. et al., 2019). Then, class IB is characterized by nonsense mutations, leading to the elimination of the
mRNA, by the NMD pathway (De Boeck, K., and Amaral, M. D., 2016), and/or the production of a
truncated non-functional protein, rapidly degraded. The most diffused nonsense mutations are the G542X,
W1282X, R1162X, and R553X. The actual percentage of CF patients harbouring this type of alteration is
calculated to be between 10% and 50 %, depending on the homozygosity or heterozygosity (Elborn J. S.,
2016). Besides, all class I alterations are also known as “orphan” mutations because of the lack of specific
treatments.

- Class II: this is the most known group because the most common CFTR mutation is listed here, that is the
three base-pairs deletion of the codon codifying for Phenylalanine in position 508 (F508del). Also, missense
mutations belong to this class and the consequence is the production of misfolded proteins, bringing to the
total absence of ions traffic. Due to the impairment in protein post-translational modifications and its
subsequent degradation ubiquitin-proteasome dependent, proteins are not functional and, even if they reach
the correct localization in the plasma membrane, the open-close state of the channel is defective, so ions

flux is compromised. The main representative mutation F508del involves 75% of CF patients, but
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Asn1303Lys and Ala561Glu are counted in class II, too (Marson F.A. L. et al., 2016; Dechecchi M. C., et
al., 2018)

- Class III: in general, NBD mutations are found in this category. These lead to defective regulation of gating
and open-closed conformation, with a consequent loss opening state of the channel. The most diffused
mutation is G551D with a frequency of 2-4% of cases (Pranke 1., et al., 2019).

- Class IV: it is characterized by missense mutations with alterations in TMDs, causing ionic conductance
issues. So, the protein reaches the localization into the plasma membrane, but only a residual CI™ secretion
is registered. R117H is one of the most representative variations of this class (Fanen P., ef al., 2014; Pranke
L, et al, 2019).

- Class V: splicing mutations involve acceptors and donor splice-sites, causing the complete or partial
exclusion of an exon, in the case of exon skipping, or the insertion of an intron in the mRNA sequence. The
most common mutation of this category is the exon 10 skipping due to the presence of a polymorphism
consisting in the polypyrimidines tract upstream of the acceptor site. If the number of thymine is comprised
between 7 and 9, correct splicing will take place at 90%, while a lower number is associated with an
impairment in the splicing process, giving rise to mostly aberrant mRNAs and only 10-40% normal (Chu
C.S.etal, 1993; Fanen P., et al., 2014).

- Class VI it is constituted by all the mutations that cause a rapid turnover of the CFTR protein so that the
protein is produced but its function is notably reduced (Pranke I. et al, 2019). One of the most
representative mutations is ¢.120del23, identified in two Portuguese CF patients in 2009 (Ramalho A. S. et
al., 2009). Precisely, the deletion causes the abolition of the natural start codon, producing an N-terminal

truncated protein, reducing its stability and, consequently, ions’ conductance.
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(including gating and

conductance)

Mutations that reduce the

QUANTITY of functional

CFTR proteins that reach
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CFTR mutation class

O0EUE

Total CFTR mediated CI- transport

Figure 12. Graphical and detailed representation of the different classes of CFTR mutations and their
relationship with the derived severity of the phenotype (Derich N., 20123).
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In general, a worldwide percentage of incidence is attributable to each class or specific aberration, precisely,
75% to F508del, 10% to nonsense, 15% to missense, frameshift, splicing, insertions/deletions (Bobadilla J.L.,
etal., 2002; Tsui L.C., et al.,2013; Pranke 1. et al., 2019).

1.4.2  Therapeutic approaches in CF.

CF involves various organs, such as the lungs, pancreas, liver, glands, testis, intestines, heart, and immune

system, the reason why the common therapy for all patients is the targeted treatment against symptoms (Figure
13).
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Figure 13. Clinical symptoms of CF and CF-related disorders, underlining the multi-organ impact of the
disease (Shteinberg M., et al., 2021).

Particularly, since the first description of the disease, the most diffused and useful therapeutic approach was
based on various treatments, aimed at treating the symptomatology. The different cures are provided for
implementing pancreatic enzymes, to help nutrient absorption and avoid intestinal dysfunctions and
malnutrition; the airway clearance therapy associated with pulmonary physiotherapy, as well as antibiotics to
avoid the diffusion of bacterial infections, often rising in the thick layer of mucus in lungs (Elborn J. S., 2013)
(Figure 14). These clinical manifestations make clear how the defect in CFTR protein is life-threatening for

patients and the numerous precautions that need to be taken in daily life.
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Figure 14. Graphical representation of research and clinical advances in treating CF patients since the

discovery of the disease (Bradbury N.A., 2020).

By 2012, the main pharmaceutical revolution took place with the discovery and the subsequent approval of
molecules, called potentiators and correctors, produced by Vertex Pharmaceutical. The first drugs act to
potentiate CFTR open-state and, subsequently, chloride transport; besides, the second ones improve the folding
of misfolded protein derived from missense mutations, among which the F508del and G551D are the most
representative, allowing it to reach the proper localization and perform its activity in apical membranes (Yu
H., et al., 2012; Pranke 1., et al., 2019). First, Ivacaftor (Kalydeco®), then the combination of Lumacaftor and
Ivacaftor (Orkambi®), followed by the double therapy of Tezacaftor and Ivacaftor (Symkevi®), until the most
recent triple combination of Tezacaftor, Ivacaftor, and Elexacaftor (Kaftrio®), have completely changed
lifestyle and expectancy in patients with CF, but not for all, because, even if mostly 85-90% of patients can be
treated with Vertex compounds, the remaining about 10-15% of nonsense, splicing and ultrarare mutations are

still untreatable, so named “orphans” of cure (King J.A., et al., 2022; Jia S., and Taylor-Cousar J. L. 2023).

1.4.3  The suppression therapy.

In the last decades, several strategies have been proposed to overcome the genetic defects due to nonsense
mutations, and some strategies are now developed by pharmaceutical companies and gone into clinical trials.
Among the possible approaches to correct the basic defect, we can name three main categories: i) genetic
editing, which consists almost in the use of the CRISPR/Cas technology to promote both mRNA and DNA
correction (Ledford H. and Callaway E., 2020; Melfi R., et al., 2020); ii) suppressor t-RNAs, that are modified

tRNAs that recognize a stop codon but introduce an amino acid instead of the stop signal (Albers S., ef al.,
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2023); iii) readthrough compound, aimed to act during the translation process (Nagel-Wolfrum K., et al.,
2016).

A promising approach consists of the use of small molecules that show translational readthrough (TR) activity,
indeed named Translational Readthrough-Inducing Drugs (TRIDs) (Pranke I, ef al., 2019).

As explained before (see section 1.4), TRIDs should work by inducing a mistranslation by the ribosome and
recruiting near-cognate tRNAs codifying for an amino acid instead of the stop codon signal. So, a full-length
protein is generated. The induced TR takes advantage of the small pool of NMD-escaping mRNAs (Palma M.
and LeJeune F., 2021).

Several molecules and drugs have been tested and developed in this panorama as TRIDs.

In particular, the first category of molecules discovered to have this activity was a group of aminoglycoside
antibiotics, such as Gentamicin and Geneticin (G418). Generally, they act by altering the A-site conformation
of the ribosome, which consents to the misreading and to complete the translation, even in the presence of the

stop codon (Krause K. M., et al., 2016) (Figure 15).
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Figure 15. Chemical structure of Geneticin (G418) (left) and Gentamicin (Jospe-Kaufiman M., et al., 2020).

Moreover, despite the TR activity, the prolonged treatment resulted to be cytotoxic, and oto- and
nephrotoxicity were mainly evidenced (Martins-Dias P and Romao L., 2021). In this context, recent studies
were focused on finding strategies to decrease toxicity, with antioxidants or other TR molecules, to lower the
effective dosage, to be used in synergy (Manuvakhova M., et al., 2000; Krause K. M., et al., 2016; Jospe-
Kaufman M., et al., 2020; Wohlgemuth I., et al., 2021; Le T. A., et al., 2023; Li S., et al., 2023).

In 2007, a new promising drug, presenting an oxadiazole core, was discovered by high-throughput screening
(HTS) and developed by PTC therapeutics under the trade name of Traslarna™, also known as Ataluren (or
PTC124) (Welch E., et al., 2007) (Figure 16). After having shown very interesting data in vitro and in animal
models (Du M., et al., 2008; Kayali R., et al., 2012; Pibiri L., et al., 2015), this drug underwent clinical trials
for CF and DMD, and it has also completed clinical trials for Dravet Syndrome, and Aniridia (NCT02647359,
NCT02647359), while pre-clinical studies have been carried on Choroideremia and Mucopolysaccharidosis I-

Hurler (MPS I-H) (Torriano S., et al., 2018; Wang D., et al., 2022).
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Figure 16. Structure of the 3- [5-(2-Fluorophenyl)-1,2,4-oxadiazol-3-yl] benzoic acid, also named Ataluren
(or PTC124) (Traslarna™, PTC Therapeutics) (Campofelice A., et al., 2019).

Precisely, for CF, phase II (NCT00237380) safety and efficacy trial gave positive results, but phase III trial
outcomes did not reach the expected endpoints (NCT00803205), so, following conflicting results, clinical
experimentation for CF was interrupted (Kerem E., et al., 2014; Zainal Abidin N., et al., 2017).

However, a second phase I1I trial (NCT02139306) was prompted, suggested by a possible interference between
aminoglycosides and Ataluren (PTC124) in the patients’ cohort, still confirming the previously observed
results (Konstan M.W., et al., 2020).

Nonetheless, in 2014 (Ryan N.J., 2014), the European Medicines Agency (EMA), seeing the positive results
of DMD trials, approved the use and market of Ataluren (PTC124) for DMD, confirming the authorization in
2016, renewed until the 15" of September 2023, when EMA diffused a communication of non-renewal for
Ataluren (PTC124) in DMD due to a negative benefit-risk balance for patients
(https://www.ema.europa.eu/en/news/ema-recommends-non-renewal-authorisation-duchenne-muscular-
dystrophy-medicine-translarna).

In this scenario, an improved synthetic aminoglycoside-derived molecule, named ELX-02 (former NB124),
was discovered and entered phase I and II clinical trials, after having shown positive results in vitro in CF and
Cystinosis (Brasell E.J., et al., 2019; Crawford D. K., et al., 2020; Crawford D. K., et al., 2021; Chen J., et al.,
2023) (Figure 17).

In addition, a recent study highlighted that the U-UGA-C stop codon is an advantageous context for ELX-02
activity (Pranke 1., et al., 2023)
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Figure 17. Structure of ELX-02 (NB124) (Campofelice A., et al., 2019).

Then, the safety, pharmacokinetics, and tolerability of ELX-02 were positively evaluated in three different
phase I trials (NCT03292302, NCT03776539, NCT03309605), underlining the absence of the toxicity
normally evidenced with antibiotics aminoglycosides. Thus, phase II trials for CF were conducted
(NCT04126473, NCT04135495, NCT04069260), but, contrary to very promising preliminary results, it failed
phase Il (Eloxx Pharmaceuticals reports September 14, 2022).

Contemporary with the study of ELX-02, another molecule was identified and investigated in the possibility
of performing the readthrough. The 2,6-Diaminopurine (DAP) was shown to act specifically on the UGA stop
codon, with major efficacy than the other two PTCs, individuating the possible mechanism of action, explained
by the inhibition of the enzyme Fts] RNA 2'-O-Methyltransferase 1 (FTSJ1), a tRNA methyltransferase
specific for the modification of tRNATP, Interestingly, a study of pharmacokinetics and TR efficacy in vivo

showed promising results (Trzaska C., et al., 2020; Leroy C., et al., 2023) (Figure 18).
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Figure 18. Chemical structure of the 2,6-Diaminopurine (DAP) (Trzaska C., et al., 2020).
In this panorama, three new optimized leads, Ataluren (PTC124)-derivatives, have been recently discovered
by HTS by the research group of professors Lentini and Pibiri at the University of Palermo. The three

oxadiazole-core compounds, named NV848, NV914, and NV930 (hereafter NVs) have been patented (Italian
Patent No 102017000134511, European Patent No. 3713934, US Patent No 11,203,578) and validated in
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several in vitro models of nonsense mutation related diseases (Tutone M., et al., 2020; Pibiri L., et al., 2020;

Bezzerri V., et al., 2022) (Figure 19).
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Figure 19. In this scheme are shown the chemical structure of the three oxadiazole molecules NV848, NV914,
and NV930 (Carollo P. S., et al., 2023).

In addition, as for DAP, also NVs were shown to influence the activity of FTSJ1, suggesting this enzyme as a

possible target explaining the probable molecules’ mechanism of action (Carollo P. S., ef al., 2023). Seeing

that these three molecules could represent potential treatment drugs against nonsense mutations, iz vivo model

studies are required, reason why safety in vivo has been also assessed during the development of this project

(Corrao F., et al., 2022).

However, TRIDs alone can surely help to bypass the defect, but multiple and contemporary intracellular targets

involved in translational machinery and mRNA processing are needed, particularly NMD inhibitors, to enrich

available PTC-harbouring mRNA to be targeted by TRIDs (Spelier S., et al., 2023; Osum S. H., et al., 2023;

Wagner R. N., et al., 2023) (Figure 20).
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Figure 20. Scheme representing all the therapeutic approaches to treat CFTR different mutations, with a

specific focus on the treatments for nonsense mutations (Adapted by Sharma J., et al., 2020).
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1.4.4  Methods for the study of the CFTR activity in vitro and in vivo with readthrough molecules.

1.4.4.1. The Ussing chamber as a gold standard technique to evaluate CFTR function rescue.

One standardized method to study the CFTR function ex vivo is the Ussing Chamber technique (De Jonge
H.R., et al., 2004; Ramalho A.S., et al., 2022).

This technique allows to evaluate the transepithelial electrical measurement, thus ions transport, from basal to
apical sides of an epithelium. The ions transfer is registered by imposing a voltage clamp on tissues or
monolayer cells, which reveals any changes in electrical current, due to ions movement. So, the system
registers a short-current circuit (Isc) expressed in pA/cm? unit (Li H., ef al., 2004; Thomson A., et al., 2019)
(Figure 21).
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Figure 21. Schematical representation of the Ussing Chamber technique and Isc measurement (Adapted from

Ramalho A.S., et al., 2022).

This methodology has been adapted to study CFTR protein recovery in different in vitro or ex vivo models and
it found application in different systems, mainly in patients’-derived nasal or bronchial cells.
However, the peculiar feature is to develop a 2D culture, independently from the chosen model.
Focusing on the patient’s cells, these are harvested from the people, then kept in culture to grow and,
subsequently, to differentiate on apposite inserts provided with a specific membrane, that allows the
development of the basal and the apical sides in the conditionally reprogrammed cells (Golec A., et al., 2022).
It has been shown that airway epithelium is constituted by several types of cells deputed to specific functions:
e basal cells represent the progenitors and are necessary in case of impairment or injury in the
epithelium;
e brush cells, important for drug metabolism;
e goblet cells, also named secretory, involved in mucus secretion;
o ciliated cells, which represent around 50% of the cells in airway epithelia, are responsible for mucus
elimination, but also for trans-differentiation and repair;
e ionocytes, which express a lot of ion channels, contributing to mucus viscosity (Crystal R. G., et al.,
2008; Yaghi A., and Dolovich M. B., 2016; Montoro D., et al., 2018; Davis J. D., and Wypych T. P.

2021) (Figure 22).
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Figure 22. The scheme shows the cell types found in airway epithelia. In this representation, specific features
of each cell are also indicated, like the morphology, together with the pathway where each cell type is involved,
or the factors secreted or characterizing every cell (Davis J. D., and Wypych T. P. 2021).

Considering that the cells expressing the most CFTR protein were identified in the ionocytes, the ciliated, and
the secretory cells, “reprogramming” and inducing cell differentiation from patients’ derived samples is the
most suitable strategy to study CFTR expression and function restoration under specific treatment (Montoro
D., etal, 2018; Okuda K., et al., 2021).

A possible application of the Ussing Chamber could be the evaluation of the rescue of CFTR protein function
after readthrough compound treatment, indeed a recovery in chloride current can indicate the efficacy of these
molecules.

In the more and more diffused vision of personalized medicine, tailored to everyone, this could also allow the
evaluation of how the genotype-phenotype correlation could influence the response to treatment. (Park J. K.,
et al., 2020).

1.4.4.2. Mice models in CF and the importance of animal experimentation as preclinical systems for human

health.

Even if in vitro and ex vivo assays consent to rapidly testing drugs’ safety or examining the efficacy of some
treatment, in vivo experimentation remains a relevant resource for researchers.
Historically, animal models contributed significantly to the advancement of biomedical research, to understand

pathological and biological processes. Based on the principle of comparative medicine, animal models are an
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instrument able to replicate human physiological and pathological processes. Considering the hypothesis and
objective of each project and the anatomical, functional, and genetic similarities to humans, the researcher can
select the right animal model (Ericsson A. C., et al., 2013).

Although non-animal methods, such as cell or tissue/organ culture, and computational models may help to
predict clinical outcomes and reduce animal use (Freires 1. A., et al., 2023), animals remain the best model for
the study of disease in patients (Garattini S. and Grignaschi G., 2017).

However, ethical committees strictly regulate animal experimentation to ensure animal fitness, wealth, and
well-being. For this purpose, before performing any kind of procedure on animal models, authorization is
needed, and several rules are required to be respected. One of the most important is the 3R principle (Replace,
Reduce, Refine), established by Russell and Burch in 1959 (Russell W.M.S. and Burch R.L., 1959; Hubrecht
R. C., and Carter E., 2019), aimed to avoid improper use of animals in research projects, to protect them from
harmful, stressful, and not necessary procedures. Subsequently, every experiment must be justified, authorized,
and ruled.

Taking into account the importance of in vivo models for biomedical research and drug development, and
considering the ethical concerns, various committees were created in the last decades, and more and more
guidelines were drawn up, like the ARRIVE principles (Percie du Sert N., et al., 2020). In addition, several
guidelines were established for the use of animals for drug testing and discovery, after in vitro preliminary
results achievement. In particular, the in vivo step is required to establish safety, pharmacokinetics,
bioavailability, biodistribution, and effectiveness (Robinson N. B., et al, 2019). For these purposes, the
Organism for Economic Co-operation and Development (OECD)
(https://www.oecd.org/chemicalsafety/testing/oecdguidelinesforthetestingofchemicals.htm), or the Globally
Harmonized System of Classification and Labeling of Chemicals (GHS)
(https://unece.org/transport/standards/transport/dangerous-goods/ghs-rev9-2021) drafted specific and detailed
protocols.

Particularly, mice represent the most convenient model for the study of some pathologies, because they can
produce an elevated number of newborns in less time and mating, besides the relatively low costs, the easiness
of managing them, the fewer ethical concerns, and the existing protocol based on mouse model.

In the case of rare genetic diseases such as CF, different mouse models were created, since mouse CFTR has
an identity of 78 % with the human gene (McCarron A., et al., 2021).

The similarity in all mice models is the lack of pulmonary symptoms, that are among the most important in
humans, while they are mainly affected in the gastrointestinal tract, suffering from intestinal obstruction, like
CF patients (Colledge W. H., et al., 1992; Borowitz D., and Gelfond D., 2013; Tobias J., et al., 2022).
Besides, other phenotypes were observed in CF mouse models, involving infertility, and diminished survival,
because death usually occurs between the 5" and the 20" day of birth, and reduced growth (Hodges C. A., et
al., 2008).

Concerning the absence of lung manifestations in mice, this is justified by various reasons. The first important
aspect is that mice are grown and raised in a germ-controlled environment, protecting them from contracting

lethal, severe, and contagious infections. Then, compensation by calcium-dependent chloride channels (CaCC)
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was observed, together with a low expression of B-epithelial sodium channel (ENaC). All these factors
contribute to avoiding the formation of hyperdense and thick mucus layers in mice lungs (Wilke M., et al.,
2011).

Nevertheless, animal models remain an important tool for preclinical CF study, and, in general, in human
diseases investigations.

In this study, to evaluate the ability of the three NV compounds to promote the readthrough in vivo a specific
CF mouse model with a nonsense mutation in the endogenous CFTR gene was chosen. Specifically, more
recently, in 2018 the research group of Professor Craig A. Hodge, in Ohio, created by CRISPR/Cas9
technology the first mouse model with a nonsense mutation, the G542X mutation in the endogenous CFTR

gene in all organs (McHugh D.R., et al., 2018).

1.5 Primary Immune Regulatory Disorders (PIRD) associated with nonsense mutations.

The second part of this PhD project focused on rescuing the expression of the LRBA (Lipopolysaccharide
(LPS)-responsive and beige-like anchor) protein using TRIDs. The gene that encodes this protein is found to
be mutated in Primary Immunodeficiency Regulatory Disorders (PIRDs), with nonsense mutations being one
of the identified types of mutations. PIRDs comprise 430 different diseases, whose 65 have been described in

the past two years (Tangye S. G., et al., 2020) (Figure 23).

PRKCD, 2.14%
PLCG2,2.14%
NFKB2, 5.35%
NFKB1, 1.60%
PIK3R1, 4.81%
VAV1, 0.53%
RAC2, 0.53%
BLK, 0.53%
IKZF1 (IKAROS), 3.21%
N IRF2BP2, 0.53%

ICOS, 3.74%
TNFSF12 (TWEAK), 0.53%
CD19, 3.74%
CD81,0.53%
CR2(CD21), 1.07%
MS4A1 (CD20), 0.53%
TNFRSF7 (CD27), 4.81%

' 1L21, 0.53%
I unknown genetic cause IL21R, 3.21%

L modifier genes (prevalence unknown):
TNFRSF13B (TACI), TNFRSF13C (BAFF-R), MSH5, MSH2,
MLH1, RAD50, FCGR2A, HLA-DQ/DR, ORC4L, CLEC16A, etc.

i

M monogenic cause
(estimated 2-10%)

u

Figure 23. Association of genes involved in PIRDs genesis and percentage of cases reported in the literature

(Bogaert D. J., et al., 2016).

The common characteristic is immune dysregulation due to gene loss-or-gain of function, depending on the
inheritance, dominant or recessive, bringing various symptoms and phenotypical consequences (Kolukisa B.

and Baris S., 2020). The symptomatology is varied too, but it also depends on the gene of interest.
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In general, people living with PIRD suffer from common clinical symptoms, namely, autoimmunity and
immune impairment, inflammation, allergy, frequent infections, lymphocytic infiltration, hypo- or
agammaglobulinemia, thrombocytopenic purpura, anaemia, bowel diseases, hepatosplenomegaly, and
predisposition to develop malignancies (Picard C., et al, 2015; Gamez-Diaz L., et al., 2016; Martinez-
Jaramillo C., et al., 2019; Meyts L., ef al., 2021).

1.5.1 Molecular description of LRBA gene and its involvement in PIRDs.

The LRBA gene was identified and characterized for the first time in 2001 by Wang and collaborators (Wang
J-W., et al., 2001), and its dysregulation was associated with cancer cell growth in 2004 (Wang J-W., et al.,
2004). Besides, the first association of LRBA with immune system misfunction was affirmed by Lopez-Herrera
in 2012 (Lopez-Herrera G., et al., 2012).

It is localized on chromosome 4 (4q31.3), counts 58 exons, and codifies for 2683 amino acids, forming a 319
kDa protein. The protein is responsive to lipopolysaccharide stimulation and is expressed in various tissues,
with a major concentration in the brain, endocrine system, gastrointestinal tract, liver, pancreas, reproductive
systems, and, mainly in lymphoid tissues and bone marrow (https://www.proteinatlas.org/) (Martinez-
Jaramillo C. and Truijllo-Vargas C. M., 2018).

The protein is classified as one of the 9 members of the BEACH (Beige and Chediak-Higashi)-WD40 domain-
containing protein. Among the other 9 members, the most important and common are the BEACH, WD, PH,
and ConA-like domains.

The BEACH and the WD domains are located at the C-terminus of the protein; the first is made of ~280 amino
acids and forms an unusual structure with a hydrophobic core, while the second is 40-amino acids repeats of
tryptophan and aspartic acid, forming a beta-helix structure. Both domains are typical of proteins involved in
vesicle trafficking, receptor signalling, protein interaction, autophagy, apoptosis, as well as cell cycle control.
Pleckstrin Homology (PH) domain, always preceding the BEACH-WD40 region, counts 100 amino acids and
is necessary for the association of the protein to phospholipids and other proteins, explaining its involvement
in membrane and cytoskeleton rearrangement and vesicular trafficking, besides signal transduction.

Lastly, the ConA-like domain, containing lectins, is responsible for binding carbohydrates, justifying its role
in protein and vesicle trafficking, a common feature with the previous domains (Cullinane A.R., et al., 2015;

Alkhairy O.K., et al., 2016) (Figure 24).
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Figure 24. Graphical representation of LRBA protein with functional domains and the majority of identified
mutations in LRBA gene (Gamez-Diaz L., et al., 2016).

More recently, LRBA has been indicated as an A-kinase anchoring protein (AKAP), because the protein
presents two sites for RI and RII PKA subunits binding, so LRBA can link to cyclic PKA and form a complex,
necessary for intracellular signal transduction. Indeed, it has been demonstrated that, particularly in T and B
lymphocytes, LRBA binds PKA, and any dysregulation in this process could cause immunodeficiency, because
of the lymphocytes' lack of signal transduction in pathways involved in immune response activation and
function. The function of the AKAP-LRBA complex in T and B cells is linked to proliferation, survival, and
immunoglobulin secretion, whose lack leads to Common Variable Immunodeficiency (CVID) onset (Moreno-
Corona N.C., et al., 2020; Pérez-Pérez D., et al., 2023).

LRBA is mostly expressed in the endomembrane systems and its function as AKAP, as well as and its
implication in vesicle trafficking and signal transduction is evident considering the turn-over of three other
proteins: the Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4), expressed in T lymphocytes, and two important
receptors, the Epidermal Growth Factor Receptor (EGFR), and the death receptor Fas.

These three proteins are associated with different pathways: CTLA-4 is a receptor responsible for immune
checkpoint activity, whose expression attenuates the activation of the immune system, switching off the
response; EGFR is activated under EGF binding and tyrosine residues phosphorylation by PKC, to favour
transcription of genes related to proliferation and cell survival; Fas, after Fas Ligand (FasL) association, is
implied in apoptosis triggering, following Fas internalization (Avraham R, and Yarden Y., 2011; Martinez-
Jaramillo, C., and Truijllo-Vargas, C. M., 2018; Sobhani N., et al., 2021).

Thus, LRBA is correlated to the internalization, trafficking, and recycling of the above-mentioned receptors.
Particularly, the involvement in CTLA-4 performance is better understood, while for EGFR and Fas, lots of

information and knowledge are still missing. CTLA-4 function is strictly regulated to allow a controlled
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immune response activity so that CTLA-4 internalization and recycling are necessary. Recently, Janman and

collaborators have demonstrated that CTLA-4 recycling is managed by LRBA and Ras-related in brain (Rab)

11, through vesicle trafficking, and that Rab11 colocalizes with CTLA-4. So, LRBA impairment could cause

CTLA-4 and immune dysregulation (Janman D., ef al., 2021) (Figure 25).
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Figure 25. Schematic overview of the LRBA protein mechanism in regulating cellular trafficking of CTLA-4

in T lymphocytes in health (left) and pathological condition, with LRBA deficiency (right) (Gamez-Diaz L. and

Seidel M.G., 2021).

In the same manner, EGFR trafficking is mediated by vesicles with the participation of LRBA, Rab, and

Clathrin, but the role of the trafficking remains unclear. This is because in some publications EGFR regulation

is associated with cancer cell growth and, more recently, it has been shown that LRBA dysregulation evidence

also a tendency to develop some form of cancer (Wang J-W., et al., 2004; Ceresa B. P., 2006; Tomas A., et al.,

2014). However, EGFR internalization is a useful process for both EGFR recycling and the maintenance of

signalling, together with its degradation (Sigismund S., ef al., 2008; Sigismund S., et al., 2018; Murphrey M.

B., et al., 2022) (Figure 26).
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Figure 26. EGFR endosomal vesicle trafficking and regulation with the related outcomes and pathway
activated after EGFR expression or inhibition (Tomas A., et al., 2014).

Considering the significant impact that rare and ultra-rare diseases associated with nonsense mutations have
on human health, one of the most widely discussed topics in the scientific community is the search for potential
treatments for these conditions. With the concurrent advancement of technology and the emergence of omics
techniques, the collaboration between biomedical researchers and clinicians has led to the establishment of
foundations and international partnerships dedicated to discovering potential remedies for the underlying
issues in nonsense mutations.

Furthermore, the notion that a patient’s genotype can influence not only their phenotype but also the outcomes
of treatment has popularized the concept of targeted therapy as a means of developing individualized and
tailored cures. Within this research field, the three NV molecules have found their place.

Therefore, this Ph.D. project aimed to assess safety, biodistribution, and efficacy experiments on these
compounds in vivo, with a special focus on the NV848, in addition to using various in vitro systems that
replicate patient characteristics.

These steps are essential for progress and serve as a prerequisite for preclinical studies.
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2  AIM OF THE PROJECT

Nonsense mutations cause life-threatening diseases, affecting approximately 11% of inherited pathologies
(Mort M., et al., 2008; Ghelfi M.D., ef al., 2023). Currently, there is no cure, even though the last two decades
have seen the emergence of technologies and strategies aimed at finding a possible treatment for nonsense
mutation defects.

So far, the lack of a specific treatment represents still a challenge for the scientific community. Anyway, among
the developing strategies for fighting nonsense mutations, suppression therapy by Translational Readthrough-
Inducing Drugs (TRIDs) seems one of the most promising and adaptable to various genetic contexts (Martins-
Dias, P., and Romao, L., 2021). However, despite a series of studies conducted in recent years, there is still no
effective molecule against this type of genetic alteration.

In this scenario, three optimized TRIDs (NV848, NV914, and NV930) were previously synthesized and
studied in vitro by the research group of Professors Pibiri and Lentini at the University of Palermo (Pibiri L.,
et al, 2015, Pibiri 1., et al., 2018).

In this thesis, different aspects were investigated to better characterize the efficacy of these molecules.

The first aim was to further investigate the ability of NV TRIDs to promote readthrough in advanced nonsense
model systems in an in vivo murine model.

For this reason, the first step was aimed at establishing the safety and tolerability of the NV molecules in
C57BL/6 mouse models.

This evaluation of the toxicity in wild-type (WT) model allows us to identify the safety profile of each
compound before testing the molecules on the nonsense mutated model for CF. For this aim, specific
international guidelines, in particular, the OECD No.420 guidelines were applied in this study, choosing an
acute-single dose administration protocol (OECD, 1992).

Then, a further preliminary and necessary step was to determine the biodistribution of NV TRIDs. Particularly,
for the following studies in vivo the attention was focused on one of the TRIDs, the NV848, that we consider
our lead compound.

In this context, the focus was on the biodistribution of NV848 in the principal organs, particularly on the organs
affected in CF, and in those important for drug metabolism: plasma, pancreas, lungs, intestines, brain, and
kidney.

The second aim of the project was to assess the efficacy of NV848 in promoting the readthrough of a PTC
produced by the G542X mutation in the CFTR gene, using a murine model recently generated by Hodge et al.
(McHugh D. R, et al., 2018). For this purpose, a homozygous CFTR 342X/6542X ¢colony was established through
the mating of heterozygous mice C57BL/6 CFTR WT/G542X A chronic oral treatment was then administered for
15 days, to assess CFTR protein rescue through molecular analyses on lungs.

In addition, a study of the restoration of CFTR channel functionality in a cellular model was conducted at the
Institut Necked Enfants Malades (INEM), in Paris (France). In this particular case, 16 HBE cells, characterized
by G542X and W1282X CFTR mutations were utilized in Ussing chamber experiments.
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Furthermore, as NV molecules were tested in vitro for CF, and Schwachman-Diamond (SD) syndrome, we
also explored whether another genetic context involving a nonsense mutation in a different gene could be also
responsive to NV treatment (Pibiri L., et al. 2020; Bezzerri V., et al., 2022).

Therefore, primary fibroblasts with LRBARISS3XRIX genotype were employed to assess the ability of all three
NV molecules in rescuing mRNA and protein expression and localization, given that LRBA is one of the

causative genes for PIRDs (Lopez-Herrera G., et al., 2012).
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3  MATERIALS AND METHODS

3.1 Molecule solution preparation.

NV molecules have been synthesized as reported by Pibiri and colleagues (Pibiri 1., et al., 2020).

For the toxicity study, NV848 was dissolved in distilled water, then sonicated in continuum at 13% power for
2 min, with Branson Digital Sonifier (Marshall Scientific, Hampton, NH, USA). Ataluren (PTC124), NV914,
and NV930 were dissolved in DMSO (Sigma-Aldrich Merck, Darmstadt, Germany) stock solution and further
diluted in olive oil (~75%). The maximum DMSO in the final solution was 25% for NV914 and NV930 and
about 40% for PTC124.

Considering the different solubilities in water or organic solvent (DMSO), stock solutions for NV molecules
were prepared.

Each mouse dosage was calculated according to the body weight, and a maximum volume of 250 ul was
administered to each subject.

For the biodistribution and the efficacy studies, all three molecules have been prepared in stock solution in
DMSO and resuspended in distilled H>O or olive oil, for NV848 or NV914 and NV930, respectively, according
to their solubility characteristics.

Lastly, for the in vitro study, molecules were prepared in stock solutions of 100 mM in DMSO and used at

12uM.

3.2 Invivo study.

3.2.1 Animals.

Adult wild-type (WT) C57BL/6 mice were purchased from ENVIGO Srl (San Pietro al Natisone UD, Italy).
both sexes were used to examine any possible difference in response to the test molecules, due to gender.
C57BL/6 CFTR 5342XG5492X mice were gently gifted by Professor C. Hodges (Case Western Reserve University,
Cleveland-USA). Animals were housed in temperature-controlled rooms with 22-25 -C, 50—60% humidity,
and with a 12 h light/darkness cycle. They were fed with standard pellet chow and water, ad libitum, until the
beginning of the protocol.

The experimental protocol was performed in conformity with the Italian D.Lgs 26/2014. All procedures and
care were approved by the University of Palermo Animal Care and Use Ethics Committee and by the
authorization of the Italian Ministry of Health (Authorization n.1235/2020; Authorization n°® 2/2022-PR) and
following the national and EU Directive 2010/63/EU for the handling and use of experimental animals.
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3.2.2  Toxicity study: administration protocol and group constitution.

30 adult mice of the C57BL/6 strain (6—8 weeks old, weight 18.0 + 4.0 g) were used in this study. The acute
toxicity study was performed, following the criteria determined by the Organization for Economic and Co-
operation Development (OECD) established in 1992 (OECD, 1992) and the ARRIVE guidelines (Percie du
Sert N., et al., 2020).

According to OECD guideline No. 420, animals were administered with a fixed-single acute dose of each
substance, and the possible occurrence of toxic effects was observed for the first four hours constantly, and
once for the following four hours. Then the body weight variations, related to changes in food intake, all visual
observations of mortality, various changes in physical appearance, or behaviour, and any injury or illness were
observed once daily for 14 days.

As indicated in the OECD No.420, to determine the dose for the main study, a pilot study was performed on
one subject. evaluating the effect of a single administration via oral gavage at a single dose of 2000 mg/Kg.
For this purpose, we based the choice on the outcomes (A, B, or C) indicated in annex 3 of the guidelines

(Figure 27), so we proceeded with the same or a lower dosage of 300 mg/Kg.

[Starting dose: 2000 mg/kg

v I + ] >
1 animal 1 animal 1 animal 1 animal
5mg/kg 50 mg/kg 300 mg/kg 2000 mg/kg
Classify GHS
Category 1 *
Main Study starting Dose (mg/kg)] § 5 50 50 300 300 2000 2000 ‘

Outcome

* for outcome @ at 5 mg/kg there is an optional supplementary
® death procedure to confirm the GHS classification: see paragraph 20.

evident toxicity

o0

No toxicity

Figure 27. Scheme of annex 3 of OECD no.420, showing the protocol for the main study of a fixed-single acute

dose administration procedure.

All animals received oral gavage with an appropriate plastic feeding needle, as indicated in the standard
protocol (Turner P. V., ef al., 2011). The effects of NV molecules were compared to the effects of Ataluren
(PTC124) used as a positive control.
15 male and 15 female mice (6 weeks aged, weighing around 20 g), were randomly assigned into six groups:
D negative control group (N = 3 per group) receiving 250 ul of vehicle (water);
(11) negative control group (N = 3 per group) receiving 250 ul of vehicle (a solution of 40% DMSO
(dimethyl sulfoxide) and 60% olive oil);
(III)  positive control (3 mice of each sex; N = 6 per group) receiving 250 ul of Ataluren (PTC124)
(2000 mg/Kg);
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(IV)  test group 1 (3 mice of each sex; N = 6 per group), receiving 250 pl of NV848 (300 mg/Kg);

V) test group 2 (3 mice of each sex; N = 6 per group), receiving 250 ul of NV914 (2000 mg/Kg);

(VD) test group 3 (3 mice of each sex; N = 6 per group), receiving 250 pl of NV930 (300 mg/Kg)
(Figure 28).

Treatment Groups

#1=NV848 #2=NV914 #3=NV930

30 3Q 30 3Q 30 3Q

Control Groups
#4= Ataluren Vehicle 1 Vehicle 2
(water) (DMSO + OIL)

30 3Q 2F 19Q 2T 19

Figure 28. Schematic representation of group constitution for toxicity study. Treatment and Ataluren (PTC124)
(positive control) groups were constituted by 3 males and 3 females, while negative controls (vehicles), were

composed by 2 males and 1 female each.
The sample size was determined by G Power analysis (Charan J. and Kantharia N. D., 2013). Animals were
fasted 3-4 hours before and one and a half-hour after the administration.

All the solutions were prepared on the same day of the experiment (see paragraph 2.1).

3.2.3  Organs’ collection protocol for histological analyses.

On the 15th day, all animals were anesthetized with 2% isoflurane and then euthanized through cervical
dislocation Blood samples were collected by cardiac puncture into EDTA-containing tubes. The organs,
namely the brain, heart, lung, liver, pancreas, spleen, small and large intestine, kidney, lymph node, ovary,
testis, and bone marrow were carefully excised and weighed. These organs were preserved in a fixation
medium of 10% buffered formalin for 24 h. Successively, samples were vigorously washed with abundant
water and preserved in 70% ethanol before paraffin fixation.

After tissue sample fixation, four-micrometre-thick tissue sections were deparaffinized and rehydrated. Then,
slides were stained to perform histopathological analyses with haematoxylin and eosin (H&E). All the sections
were analysed using Zeiss Axio Scope A1 optical microscope (Zeiss, Germany) and images were taken using
an Axiocam 503 Color digital camera with the ZEN2 imaging software (Zeiss Germany).

The possible histological change was scored using a semi-quantitative scoring system, including many

variables for each organ (Corrao F. ef al., 2022). To each variable or sign of toxicity or macroscopic changes,
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a precise score was assigned, based on the degree of severity (0, absent; 1, mild; 2, moderate; 3 severe) and

the extent (1, focal; 2, multifocal; 3, diffuse) (see Supplementary section).

3.2.4  Biodistribution study: administration protocol and group constitution.

For this objective, 75 C57BL/6 male mice (4 weeks aged, weighing 18.0 + 4.0 g) were used. Animals were
randomly assigned into 5 groups: two control groups (receiving once vehicles, namely distilled H,O, or DMSO
and olive oil) and one treatment group for NV848 molecule.

In each group animals were then randomly assigned to 5 subgroups (n=5 mice/ each) corresponding to different

time-points 1) T0, 2) T 45°, 3) T 60°(1h), 4) T 120°(2h), 5) T 1440°(24h) (Figure 29).

Groups

NV848 60 mg/Kg

Control (Water)
/ N . |

Figure 29. Schematic representation of the division and the constitution of the different groups of treatment

and control for biodistribution protocol development.

The dosage of 60 mg/Kg was chosen in agreement with the paper of Du M. and collaborators (Du M., et al.,
2008), due to the similarity in chemical structure between Ataluren (PTC124) and NVs.

Molecules or vehicles were administered once at the beginning of the study (TO0) by oral gavage and mice were
euthanized under isoflurane anaesthesia by cervical dislocation at the fixed time points; organ collection was
performed for each mouse, then samples were immediately cryopreserved in liquid nitrogen and quickly stored
at — 80°C.

Blood samples collected by intracardiac puncture were preserved in EDTA-containing tubes and then
centrifuged at 3000 rpm for 10 minutes, to separate plasma stored at -20°C.

The following step planned the drawing up of a protocol for molecule extraction from organs. To this aim, a

precedent protocol found in the literature (Kayali R. et al., 2012) was used with few modifications.

3.2.5 Organs’ collection and preparation for HPLC-MS analyses.

Cryopreserved organs were used for the following step of molecule extraction from tissues and chemical

analyses.

In detail, organs were homogenized, using the Omni TH Tissue Homogenizer (Kennesaw GA, USA), in a 10

ml tube with 200 pl of 0,9% NaCl solution. Successively, 600 pl of iced acetonitrile was added and samples
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vortexed for 2 minutes. Later, tubes were put in a refrigerated (4°C) centrifuge (Thermo Scientific™, Sorvall™
RC 6 Plus Centrifuge) for 10 minutes at 14000 rpm, to separate the supernatant from the pellet, which was
discarded, contrary to the supernatant that was preserved at -20°C. Then, samples were freeze-dried using a
refrigerated lyophilizer (CoolSafe, SCANVAC, Labogene, Allerad, Denmark) that works at -100°C and at
vacuum conditions. The product lyophilized was stored at -20°C. The following step consisted of sample
restoration and High-Performance Liquid Chromatography (HPLC) (HPLC Agilent 1250 infinity, Agilent
Technologies 6540 UHD accurate mass Q-TOF LC/MS) analysis.

To restore lyophilized products, a 3:1 mixture of acetonitrile (ACN) CHROMASOLV™ LC-MS (Honeywell,
U.S.) and high pure water CHROMASOLV™ LC-MS (Honeywell, U.S.) was prepared and stored at 4°C, prior
to use. 100 pl of this solution was added to each sample and then, they were vortexed for 5 minutes. Samples
were centrifuged at 14000 rpm for 10 minutes at 4°C (Thermo Scientific™, Sorvall™ RC 6 Plus Centrifuge)
and the supernatant was collected for the HPLC analysis.

Before HPLC analyses, tests were done by preparing a calibration curve, made up of a constant aliquot of an
untreated sample added to solutions of different known concentrations of analytes, used to make the calibration
curve self. Each analysis was performed in triplicates, for the calibration curve, and duplicates, for the
experimental samples.

Moreover, to calculate the efficiency of the extraction method, a recovery test was also performed for all the
tissues analysed.

In the recovery test, a standard solution of the molecule at the concentration of ImM was added to an untreated
sample, and the extraction protocol was then performed. In the meantime, a standard solution of ImM of the

chosen molecule was added to an untreated sample. All the tests were performed in triplicates.

3.2.6 Generation and management of colony of CFTR mutant mice.

CFTRO*XG5342X homozygous mice were produced by breeding heterozygous (CFTR WT6342X; Cleveland, USA;
McHugh D. R., et al., 2018); wild-type (WT) mice were used as controls (Figure 30).

BREEDING TIMELINE OF PARENTAL GENERATION

‘ ‘ Pregnancy

Day 1 Day 7 Day 14  Day 15 Day 36
Armive from Mating Birth
Cleveland Acclimatization
¥
Quarantine

Figure 30. Schematic timeline of parental heterozygous mice breeding and mating to obtain CFTR#¥63#2X

colony, since parental mice arrival.
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At 3 weeks (21 days) Tissue was obtained by ear biopsies from newborn mice and DNA extraction (PureLink™
Genomic DNA Mini Kit (Invitrogen™, Thermo Fisher Scientific, U.S.), following the manufacturer’s
instructions) was performed for genotyping by PCR analysis.

Briefly, lysis of tissue samples was performed overnight (O.N.) using a mix of digestion buffer and proteinase
K, at 55°C and 300 rpm shaking. The day after, supernatants were collected, and samples were centrifuged,
followed by RNAse A addition. Then, Genomic Lysis/Binding Buffer was added to samples, with the same
volume of absolute DNase-RNase-free ethanol (96-100%). DNA binding step was carried on by
chromatography affinity columns, with two washing with specific washing buffers. For the last step, the
elution, columns were put in new clean and sterile Eppendorf 1,5 ml tubes. 50 ul DNase-RNase free water was
added on each membrane and incubated for 5 minutes at R.T. To elute DNAs, centrifugation at maximum
speed for 1 minute was carried out.

After the DNA quantification with NanoDrop™ 2000 (Thermo Scientific™, U.S.), DNA quality was evaluated
also by 1% agarose gel (UltraPure™ Agarose, Invitrogen™, Thermo Fisher Scientific, U.S.) run, prepared with

1X TAE (Tris-Acetate-EDTA) homemade buftfer.

3.2.7 PCR endpoint for DNA amplification and genotyping.

To characterize mice offspring genotypes, specific designed primers were used, based on the protocol made
up by McHugh et al. (McHugh D. R., ef al., 2018). Primers were designed to recognize the two allele variants
of CFTR WT and CFTR G542X. The expected amplification product counts 319 base pairs (bp). Reverse
primer is the same for both alleles, while forward primers differ only in the last two nucleotides of 3’ terminus
(evidenced in bold red).

Specifically, primers’ sequences are shown below (Table 3):

Name | Nucleotide Sequence Type of primer | Allele identified
P1 5"~ ACAAGACAACACAGTTCTCT -3’ Forward CFTR G542X
P2 5’—TCC ATG CAC CATAACAACAAGT-3’ Reverse CFTR (general)
P3 5’—ACAAGACAACACAGTTCTTG -3’ Forward CFTR WT

Table 3. Nucleotide sequence of primers utilized for the discrimination of G542X or WT allele in CFTR DNA.

For the PCR the REDTaq DNA Polymerase (Sigma-Aldrich, USA) was used following manufacturers’
instructions.
Two different reaction mixes were prepared, one for each allele.
Mixes were constituted as follows:
- REDTaq 12,5 ul
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- Primer Forward (P1 or P3) 1 uM 1,25 ul
- Primer R (P2) 1 uM 1,25 pl

-DNA2 ul

-H20 8 pl

Samples were put in the thermocycler (2720 Thermal Cycler, Applied Biosystems) and a specific thermal set-

up was used, illustrated below, and repeated for 40 cycles (Figure 31).

40 cycles

A

94°C | 94°C

| o
3 min 30 sec 72°C

58 °C / 7 min

30 sec

Figure 31. Thermal profile used to perform PCR reaction to detect mice genotypes.

The samples were analysed on 1% agarose gel in 1X TBE buffer.

4 °C

3.2.8 Chronic treatment for drugs’ efficacy study.: molecule administration protocol and groups constitution

to study the efficacy in vivo of the NV848 molecule.

WT CFTR**, heterozygous CFTR"%*2X and homozygous CFTR***X/6342X mice were divided into treatment

(NV848) and negative control groups (5 mice/each group receiving the drug or the vehicles) (Figure 32).

Groups
NV848 60 mg/Kg Control (Water)
A A
. A r .
5 mice CFIR +/+ 5 mice CFTR +/+
5 mice CFTR +/G542X 5 mice CFTR +/G3542X
5 mice CFTR G542X/ G542X 5 mice CFTR G542X/ G542X
\ J/ \ J
V7 V7

Figure 32. Schematic division of subjects into treatment with NV848 and negative controls with the vehicle.

NV848 was prepared daily (paragraph 2.1), at the fixed dosage of 60 mg/Kg.
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Mice for each group received intragastric administration of vehicle or NV848 (60 mg/kg) starting at the 21
postnatal day once daily for 15 days. At day 15 the animals were sacrificed, and the organs collected weighed,
and stored at -80 °C for immunohistochemistry, Western blot, and Real-time RT PCR assays, to assess CFTR

protein and gene expression in target organs.

3.2.9  Immunohistochemical protocol for mutant mice tissue analyses.

Immunohistochemical evaluation was performed on the lungs of treated and untreated mice, both mutant and
WT. Samples were fixed in formalin (10% [vol/vol]), then embedded in paraftin (FFPE), and cut into 3um
sections. Two different proteins were evaluated: Thyroid Transcription Factor 1 (TTF1), as an experimental
epithelial control marker, and CFTR, the target. Briefly, to verify tissue sections’ immunohistochemical
reactivity and responsiveness, sample slides were incubated with antibody anti-TTF1 (SP141, Roche Ventana).
Then, other slides were incubated with the antibody anti-CFTR (SAB4501942, Sigma-Aldrich, Merck,
Darmstadt, Germany).

The buffer ULTRA Cell Conditioning solution (ULTRA CC1, Roche Ventana 950-224) was used for 64
minutes at 95°C for antigen unmasking. The primary antibodies anti-TTF1 (Roche Ventana 749-4756) (ready
to use) and the anti-CFTR 1:200 were incubated for 36 minutes at 37° C, while the revelation system used
implied the ultraView Universal HRP Multimer Detection Kit (Roche Ventana, 760-500) and UltraBenchmark

(Roche Ventana) instrument, according to the manufacturer’s instructions.

3.3 Invitro experiments.

3.3.1 Cells culture conditions.

16HBE cells:

After thawing, 16HBEge CFTRY!%2X and CFTR%*** cells were plated in T25 flasks (Corning, U.S.) until
reached 80% confluency, when they were split in T75 flasks (Corning, U.S.) to expand. Culture medium was
constituted by MEM (Minimum Essential Medium Eagle, Gibco™, Thermo Fisher Scientific, U.S.) 1X
(Invitrogen™, Thermo Fisher Scientific, U.S.), enriched with 10% Foetal Bovine Serum (FBS) (Invitrogen™,
Thermo Fisher Scientific, U.S.), 1 % penicillin and streptomycin (P+S) (Invitrogen™, Thermo Fisher

Scientific, U.S.), and 1 % glutamine (Invitrogen™, Thermo Fisher Scientific, U.S.).

Fibroblasts LRBAR!653Y/RI683X .

Cells harvested by the patient’s biopsy were plated in T25 flasks (Corning, U.S.), were cultivated with culture
medium MEM 1X (Minimum Essential Medium Eagle, Gibco™, Thermo Fisher Scientific, U.S.),
implemented with 2% Ultroser G (Fisher Scientific, Thermo Fisher Scientific, U.S.), 1% non-essential amino
acids (Gibco™, Thermo Fisher Scientific, U.S.), and 1% glutamine (Invitrogen™, Thermo Fisher Scientific,

U.S.). In all cell cultures, media were changed every 48 hours.
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3.3.2  Cell Proliferation assay.

Cell proliferation in fibroblasts LRBAR/683¥RISSX wag assessed after 24, 48, and 72-hour chronic treatment.
50,000 cells were seeded in duplicate in 12 multiwell plates (Corning, U.S.). The experiment was repeated in
triplicate.

NVE848, NV914, NV930, and Ataluren (PTC124) were prepared in a DMSO stock solution of 1 mM and used
at 12 uM, for the treatment, while G418 was used at 430 uM. Untreated cells were used as a negative control.

Cells were counted at the indicated time points using the Burker chamber.

3.3.3  Ussing chamber experiments.

100.000 cells were seeded onto porous inserts (0,33 cm?, Transwell Permeable Supports, 6.5 mm Inserts, 24
well plates, 0.4 mm Polyester Membrane, Corning, U.S.) previously coated with fibronectin (see above) and
maintained in culture in the liquid-liquid interface (lig-liq) until the differentiation in forming an epithelium,
for 7 days. For experiments, 48-hour chronic treatments were performed, adding compounds in both basal and
apical sides.
Specifically, for each condition, two inserts were prepared, with the following treatments:

- DMSO (vehicle), as negative control;

- NMD inhibitor SMGl(hereafter NMDi, 5 uM) and VX modulators: VX-445 (3uM) and VX-661 (3uM)

(MedChemExpress, MCE), in chronic, as experimental control,

- G418 (100 uM) as positive control;

- G418 (100 uM) + NMDi (5 uM) and VX modulators (see above);

- NV848 (1 mM);

- NV848 (1 mM) + NMDi (5 uM) and VX modulators (see above).

The short-circuit-current (Isc) was measured under voltage clamp conditions using EVC4000 Precision V/I
Clamp (World Precision Instruments). A chloride (Cl") gradient across the two sides of epithelium (apical and
basal) was generated by using two different Ringer solutions: the apical was composed of 145 mM Na-
Gluconate, 10 mM HEPES, 10 mM D-Glucose, 3.3 mM K2HPO4, 1.2 mM CaCl2, 1.2 mM MgCI2, while the
basal differed because of the 145 mM NaCl instead of NA-Gluconate. Inserts were assembled in Ussing
chambers (Physiologic Instruments, San Diego, CA, USA). Experiments were carried on at 37°C, and epithelia
were bubbled with a pCO2= 5% and a pO2 = 95%.

During the recording, to specifically activate and inhibit the CFTR channel, the following drugs were added,
after Isc baseline stabilization, in order: on the apical side, Amiloride (100 uM; into apical and basal parts,
Forskolin (10 uM) and 3-isobutyl-1-methylxanthine (IBMX 100 pM); VX-770 (10uM); CFTR inhibitor
CFTRinh172 (10 uM); ATP (100 uM) CFTRinh172, VX-770, and ATP were put only in the apical side.

The summary response to Forskolin/IBMX and VX-770 was used as an index of the CFTR function.

Current registration and analysis were made with LabChart8Reader (ADInstrument, Dunedine, New Zealand).
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3.4 Molecular analyses.

3.4.1 RNA extraction and Real-time RT PCR.

3.4.1.1 Protocol for RNA extraction.

Mice: 20-25 mg of tissues were weighted for RNA extraction.

Cells: 600.000 fibroblasts LRBA RIS#XRISX were ysed to performe RNA extraction, using RNeasy Mini Kit
(Qiagen, Germany) following manufacturer’s instructions.

Briefly, a mix of RLT buffer and B-Mercaptoethanol was added to each sample for mechanical homogenization.
Then, 1 volume of 70% DNase-RNase-free ethanol was mixed into samples, which were transferred to the
RNaeasy spin column and centrifuged. A first washing step was followed by in-column DNAse treatment, and
then previously reconstituted Buffer RPE was added twice. Samples were washed twice and centrifuged. A
further centrifuge was performed to eliminate any residual reagent. Lastly, RNA was collected from spin
columns with 30 pl of DNase-RNase-free water elution, by centrifugation.

RNA was quantified by spectrophotometric assay, using NanoDrop™ 2000 (Thermo Scientific™, Invitrogen,

U.S.).

3.4.1.2 16HBE cell RNA extraction with Trizol.

16HBE cell inserts derived from Ussing chamber experiments were used to extract RNA.

To this aim, 100 pl Trizol (Minimum Essential Medium Eagle, Gibco™, Thermo Fisher Scientific, U.S.) was
added to each insert, left incubating for 2 minutes, and then cells scraped and collected. 200 pl Chloroforme/ml
Trizol was added to each sample, vortexed, and incubated for 10 minutes on ice. A centrifuge was performed,
and the aqueous phase was collected, to add 1 volume of isopropanol, mix, and preserve a -20°C O.N. The day
after, tubes were placed at -80°C for 60 minutes, then left to defrost and centrifuged. The pellet was preserved,
washed with ethanol, and centrifuged. Then, again the pellet was kept and left drying. Elution of pellet was
made with DNase-RNase free water.

RNA was quantified by spectrophotometric assay, using NanoDrop™ 2000 (Thermo Scientific™, Invitrogen,

U.S.).

3.4.1.3 Real-time RT PCR method.

Reverse transcription

1 pg of total RNA extracted was retrotranscribed in ¢cDNA using the High-Capacity ¢cDNA Reverse
Transcription Kit (Thermo Fisher Scientific, U.S.) using manufacturer’s instructions.

For each sample, a reaction mix was prepared as follows:

- 2 pl Buffer RT;
41



- 2 uwl Random Primers;

- 1 pl ANTP;

- 1 pl Reverse Transcriptase;

- RNAse-free water to reach 20 pl of the final volume.
cDNA was then used to perform qPCR with the following steps.

Real-time RT PCR

The following primer sequences were used for mouse and cell gene expression (Table 4):

Gene Nucleotide Sequence

CFTR mouse FORWARD 5’ — CTACATGGAACACATACCTTCG - 3° Divangahi M., et al., 2009

CFTR mouse REVERSE 5’ — GGTGATAATCACTGCATAGC - 3’ Divangahi M., et al., 2009

ACTIN mouse FORWARD 5’—ACCGTCAAAAGATGACCCAGA- 3 Designed with Primer Express
software (Applied Biosystems)

ACTIN mouse REVERSE 5’— GAGGCATACAGGGACAGCACA -3 Designed with Primer Express
software (Applied Biosystems)

LRBA FORWARD 5’—-TCCGAGCCCTCAATGTGTTC - 3’ Designed  with ~ Primer-BLAST
(NIH)

LRBA REVERSE 5’— CATGGCAGAACCTCTGGGAG -3’ Designed  with  Primer-BLAST
(NIH)

GAPDH FORWARD 5’— CTCATGACCACAGTCCATGCC- 3° Designed with Primer Express
software (Applied Biosystems)

GAPDH REVERSE 5’— GCCATCCACAGTCTTCTGGGT -3’ Designed with Primer Express
software (Applied Biosystems)

CFTR human FORWARD 5’— GGACAGTTGTTGGCGGTTGC -3’ van Meegen M. A., et al., 2011

CFTR human REVERSE 5’ — CTTGGAGATGTCCTCTTCTAG - 3’ van Meegen M. A., et al., 2011

B-2M FORWARD 5’— GAGGCTATCCAGCGTACTCCA -3’ Ma B, etal., 2019

(microglobulin)

B-2M REVERSE Ma B., etal., 2019

5’— CGGCAGGCATACTCATCTTTT - 3°
(microglobulin)

Table 4. Recapitulation of the primers used for Real-time RT PCR to calculate relative gene expression for
CFTR and LRBA genes.

Actin, -2M, and GAPDH were used as housekeeping genes for CFTR mouse, CFTR human, and LRBA relative
gene expression evaluation, respectively.

A reaction mix was prepared for each couple of primers, specific for the gene of interest and the related
housekeeping, here in detail indicated for each sample:

a. SYBR MIX (Life Technologies, Thermo Fisher Scientific, U.S.) 12,5 ul;
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b. Primers (Forward + Reverse 2 uM) 5 pl;

c. H20 DNase/RNase-free 5,5 pl;

d. cDNA2 pul.
Each sample was loaded in triplicate with a final volume of 25 pul each. The plate was centrifuged at 2500 rpm
for 5 minutes prior to the experiment started. Real-time RT PCR machine (7300 Real-Time PCR System,
Applied Biosystem) and the 7300 System Software were used to perform the analysis.

3.4.2 Protein extraction and Western blot analyses.

For protein extraction, a lysis solution of RIPA (Pierce™ RIPA Buffer, Thermo Scientific™) and 1% protease
inhibitor (Halt™ Protease and Phosphatase Inhibitor Cocktail, Thermo Scientific™) was used.

For tissues, about 40 mg of tissues were used. Samples were homogenized mechanically with lysis solution
(100 pl for every 10 mg of tissue) and then incubated for one and half hours in ice at 4°C.

For protein extraction from LRBARI®S3XRI6SX 550 000 cells were seeded in a T25 flask per each treatment
condition (Untreated, PTC124, NV848, NV914, NV930, all molecules at 12 uM), and trypsinized with 0,25%
trypsin (Thermo Fisher Scientific, U.S.) after 72 hours of chronic treatment; then, the pellet containing about
1 million of cells was used to extract proteins, as described above.

Subsequently, samples were centrifuged at 12000 rpm for 20 minutes at 4°C. After that, the supernatant

containing proteins was collected and 2 ul was used for the quantification by Bradford colorimetric assay.

3.4.2.1 Western blot set-up.

30 ug of proteins were analysed in 3-8% SDS-PAGE gel at 150 V 100 mA for 1 hour.

Proteins were transferred to PVDF (polyvinylidene fluoride or polyvinylidene difluoride) membrane
(Invitrogen™, Thermo Fisher Scientific, U.S.) by blotting O.N. at 4°C at 12V 50 mA. Blocking was performed
at R.T. for 1h with 5% non-fat milk with TBS-TWEEN 1X (Pierce TBS-Tween 20X, Invitrogen™, Thermo
Fisher Scientific, U.S.).

Membranes were incubated O.N. at 4° with primary antibodies anti-CFTR (#PA1-935, Invitrogen™, Thermo
Fisher Scientific, U.S.) 1:1000, anti-LRBA (A304-478A, Bethyl Laboratories Inc., Texas, U.S.) 1:1000, and
anti- B-tubulin (Sigma-Aldrich, USA) 1:5000. Membranes were washed three times with TBS-TWEEN 1X,
and then incubated with HRP (Horseradish peroxidase)-conjugated secondary antibodies, anti-rabbit
(Promega, U.S, 1:3000) or anti-mouse (Invitrogen™, Thermo Fisher Scientific, U.S., 1:5000), respectively.
After three washing with TBS-TWEEN 1X, West Femto (SuperSignal™ West Femto Maximum Sensitivity
Substrate, Thermoscientific) reagent was used for the band detection by Chemidoc XRS (BioRad) and Quantity
One software (BioRad). Protein bands were quantified with ImageJ software (NIH).
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3.4.3  Immunofluorescence staining.

50.000 LRBARISIRISEX fihroblasts were seeded in coverslip in 12-well plates. Cells were treated chronically
for 72 hours, and per each condition (paragraph 2.4.2), a duplicate was performed. Cells were fixed with
methanol stored at -20°C and washed three times with PBS 1X without calcium and magnesium (Ca?* - Mg?").
A different step with EGFR IF consists of membrane permeabilization and staining. Precisely, prior to
blocking, Triton-X100 0,01% was incubated for 10 minutes at R.T. Following washing, to visualize
membranes, wheat-germ agglutinin (WGA)- Alexa594-conjugated antibody (Invitrogen™, Thermo Fisher
Scientific, U.S.) 1:1000 was incubated 10 minutes at R.T., so cells washed.

Then, blocking was performed with 0,1% BSA for 1 h at R.T. Subsequently, cells were incubated O.N. at 4°C
with anti-LRBA (A304-478A, Bethyl Laboratories Inc., Texas, U.S.) or anti-EGFR (sc-57092, Santa Cruz
Biotechnology, U.S.) 1:100 primary antibodies. After washing, secondary anti-rabbit Alexa647-conjugated
antibody (Thermo Fisher Scientific, U.S.) 1:500, or secondary anti-mouse Alexa488-conjugated antibody were
incubated for 1 h at R.T. After washing, coverslips were mounted on slides with DAPI staining and sealed.
Cells were visualized by fluorescence microscope (AxioVision, Zeiss) at 63X magnification, and images were

analysed using ImagelJ software (NIH).

3.4.4  Next-Generation Sequencing (NGS).

Total mRNA extracted from LRBA RIS$XRISX fihroblasts were retrotranscribed (paragraph 2.4.1.b). Then,
cDNA was amplified with specific primers designed with Primer Blast (NIH) (indicated as “LRBA stop™) that
anneal in the region flanking the c.5073 C>T (R1683X), present in exon 30 of the gene, to enrich the pool of
specific amplified product before sequencing, giving a 350 bp product.

The amplified products then underwent a further PCR reaction with specific primers (indicated as “LRBA
NGS”) for NGS analyses, particularly harbouring an adaptor sequence for the [llumina sequencing, in detail

(Table 5):

Gene Nucleotide Sequence

LRBA stop FORWARD | 5° - TTTAGAAGTCAATAAGTCTCCG -3’

LRBA stop REVERSE | 5’- CTGAGGCTTGGGCTGAATC -3’

GTCTCCG -3

LRBANGS | FORWARD | 5’- TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTTTAGAAGTCAATAA

GAATC -3’

LRBANGS | REVERSE | 5’- GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCTGAGGCTTGGGCT

Table 5. Table reporting the nucleotide sequences of primers to amplify the LRBA mRNA region flanking the
¢.5047 C>T mutation (R1683X) is indicated as “LRBA stop”’, while those for NGS analyses are named LRBA

NGS, in which the underlined nucleotides indicate the adaptor sequence specific for the lllumina NGS.
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3.5 Statistics.
Data have been indicated as mean+ SEM and statistical analyses were carried by Prism ver. 5.0 (GraphPad

Software, Inc., La Jolla, CA, USA).
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4 RESULTS

Objective No.1: Evaluation of the safety and tolerability of NV molecules in vivo following acute single-

dose administration, and biodistribution study of the NV848 molecule in C57BL/6 mouse model.

4.1 Evaluating safety and tolerability of the three NV TRIDs in vivo after acute treatment.

NV TRIDs are molecules synthesized and developed with the aim of performing the readthrough of the
premature stop codons caused by nonsense mutations. They have previously been extensively tested and
studied in vitro, using different engineered and primary cells of CF and SD syndrome. Moreover, one of the
potential intracellular targets has been suggested, and its specificity has been demonstrated (Pibiri L., ef al.,
2020; Bezzerri V., et al., 2022; Carollo P. S., et al., 2023; Perriera R., et al., 2023). In the field of drug discovery,
a crucial step is the preclinical research using animal models to evaluate the performance of any compound in
vivo. In our case, the safety, tolerability, and biodistribution of NV molecules were assessed in WT C57BL/6

mice before testing the activity of NV molecules in the nonsense mouse model for CF.

a) Acute oral toxicity study: behavioural analysis.

Acute oral toxicity of NV molecules was assessed in vivo using a fixed-dose procedure in accordance with
OECD No.420 criteria, with authorization by the Animal Care and Use Ethics Committee of the University of
Palermo and by the Italian Ministry of Health n.1235/2020. Oral administration was selected as the route of
treatment, to simulate the potential oral intake of the drug.

Before starting the main study, a pilot sighting study was conducted, with one animal for each tested drug, in

order to determine the tolerated dosage (Figure 33).

[Gtarting dose: 2000 mglkg

| | ] START
1 animal 1 animal 1 animal 1 animal
5mglkg 50 mglkg 300 mg/kg 2000 mg/kg
Classify GHS
Category 1 *
[Main Study starting Dose (mgfkg)| 5 5 50 50 aoo 300 2000 2000 |

Outcome
* for outcome @ at 5 mglkg there is an optional supplementary

@ death procedure to confirm the GHS classification: see paragraph 20.

@ evident toxicity

@ No toxicity

Figure 33. A schematic representation of Annex 2 of OECD No.420, illustrating the workflow of the sighting
study (OECD No. 420, 1992).
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All the NV molecules were initially administered each to one animal at a dose of 2000 mg/Kg, following the
procedure in Annex 2. In case of death, a lower dosage was administered.

The preliminary study revealed that NV914 was tolerated at 2000 mg/Kg, while NV848 and NV930 resulted
in lethality at 2000 mg/Kg but were tolerated at 300 mg/Kg.

Once the maximum tolerated dosage for each molecule had been determined, the main study was conducted
in accordance with the guidelines outlined in Annex 3 (Figure 27). For the main study, animals were randomly
assigned to different groups.

Male and female C57BL/6 mice (6 - 8 weeks old, mean weight 18+4 gr) were orally administered with the
tested molecules and observed over a 15-day period.

Although no lethality was observed in all treated mice, in all groups behavioural signs associated with potential
toxicity were observed. However, these symptoms were temporary and resolved within 4 hours post-
administration, for NV848, and within 3 hours for the mice treated with NV914, NV930, and Ataluren
(PTC124).

The following manifestations were taken into consideration: hyperactivity, hypoactivity, abdominal pain,
itching and scratching, changes in skin appearance, ruffled fur, tremors, convulsions, changes in eyes, changes
in mucus membranes, salivation, lethargy, diarrhoea, coma, death.

The specific symptoms observed for each treatment are detailed below.

In the group of animals treated with NV848 at 300 mg/Kg, hypoactivity, convulsion, abdominal pain, and

tremors were observed in 3 of 6 mice (Table 6).

NV848 300 mg/kg

30min |1h 2h 3h 4h
PARAMETERS M |F M F M F M F M F
Hyperactivity X X X
Hypoactivity X X X X X X X
Abdominal Pain X X IX X X X |X
Itching and scratching
Changes in skin
Ruffled Fur
Tremors X X
Convulsions X X X X X
Changes in eyes
Changes in mucus membranes
Salivation
Lethargy
Diarrhoea
Coma
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Deat N I N O S O

Table 6. The table outlines all the effects observed following the administration of a single 300 mg/Kg dose of
NV848 (Corrao F, et al., 2022).

In the group of mice treated with NV914 at a dosage of 2000 mg/Kg, hypoactivity (5 of 6 mice), hyperactivity
and abdominal pain (4 of 6 mice), and itching and scratching (2 of 6 mice) (Table 7) were observed. Alternating
episodes of hyperactivity and hypoactivity were noticed at different time intervals during the observation

period, with hyperactivity typically preceding hypoactivity, in mice that exhibited both symptoms.

NV914 2000 mg/kg

30 min 1h 2h 3h 4h
PARAMETERS M |F |M F M F M F M F
Hyperactivity X X X
Hypoactivity X X X X
Abdominal Pain X |X X X
Itching and scratching X X X X
Changes in skin
Ruffled Fur
Tremors
Convulsions X X X

Changes in eyes

Changes in mucus membranes

Salivation

Lethargy

Diarrhoea

Coma

Death

Table 7. The table outlines all the effects observed following the administration of a single 2000 mg/Kg dose
of NV914 (Corrao F, et al., 2022).

In the group of animals receiving 300 mg/Kg of NV930 the following manifestations were observed:

abdominal pain (3 of 6 mice), tremors and convulsions (5 of 6 animals), and only one exhibited hyperactivity.

Like NV914 treated mice, also NV930 caused itching and scratching but in 4 cases (Table 8).
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NV930 300 mg/kg

30 min 1h 2h 3h 4h
PARAMETERS M [F (M F M F M M
Hyperactivity X [ X X X X
Hypoactivity
Abdominal Pain X X X X
Itching and scratching X X X X X
Changes in skin
Ruffled Fur
Tremors
Convulsions X X X X X X

Changes in eyes

Changes in mucus membranes

Salivation

Lethargy

Diarrhoea

Coma

Death

Table 8. The table outlines all the effects observed following the administration of a single 300 mg/Kg dose of

NV930 (Corrao F, et al., 2022).

The groups of animals treated with the vehicle or with Ataluren (PTC124) constituted negative and positive

control respectively.

Ataluren (PTC124) administered at 2000 mg/Kg resulted in hypoactivity in 3 of 6 mice, abdominal pain in 4

of 6 mice, and in 1 of 6 mice tremors, convulsions, and hyperactivity (Table 9). No fatalities were observed

following Ataluren (PTC124) treatment.

Ataluren (PTC124) 2000 mg/kg

30 min 1h 2h 3h 4h
PARAMETERS M |F |M F M F M M
Hyperactivity X X
Hypoactivity X X X
Abdominal Pain X [ X [X X X X X
Itching and scratching X X
Changes in skin
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Ruffled Fur

Tremors

Convulsions X X

Changes in eyes

Changes in mucus membranes

Salivation

Lethargy

Diarrhoea

Coma
Death

Table 9. The table outlines all the effects observed following the administration of a single 2000 mg/Kg dose
of Ataluren (PTC124) (Corrao F, et al., 2022).

Finally, the vehicles did not induce any change in behaviour or clinical manifestation in the animals during the
15-day period of observation.

Based on these results, in accordance with OECD guidelines and the Globally Harmonized System (GHS),
NV848 and NV930 can be classified in category 4, which is associated with a low health risk, while NV914
can also be classified in category 5, indicating a low threat to health (GHS, United Nations, 2013; Corrao F.,
etal, 2022).

Consequently, it can be concluded that the three NV TRIDs exhibited similar toxicity signs as the control
molecule (Ataluren-PTC124) and can be classified as low-risk substances for health (GHS, United Nations,
2013) (Corrao F., et al., 2022).

b)  Acute toxicity study: body weight assessment.

The evaluation of body weight over the 15-day observation period revealed no significant differences in weight
variations among animals treated with NV848, NV914, NV930, or Ataluren (PTC124) when compared to the
control groups (Figures 34-A and 34-B).
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Figure 34. Graphs show the percentage of body weight of female (A) and male (B) subjects. Data are indicated
as mean £ SEM. P<0,0001 (*) was calculated by Two-way ANOVA test (Corrao F, et al, 2022).

Nonetheless, a slight and temporary increase in the mean of body weight values was observed on the third day
in females, and on the third and the ninth day in males treated with NV930 when compared to the control group
(vehicle) (* = p< 0.0001). Furthermore, a small but significant decrease was recorded in females treated with
Ataluren (PTC124) on the 14" day, compared to the control group (* = p< 0.0001) (Corrao F., et al, 2022).

In addition, water and food intake were monitored, but no differences were evidenced during all

experimentation.

c) Acute toxicity study.: macroscopic and histological examination of major organs.

At the conclusion of the study, a macroscopic observation of lungs, heart, liver, pancreas, small and large
intestines, kidney, spleen, brain, ovary or testis, and bone marrow was conducted, revealing no abnormalites
or changes related to the treatments.

Additionally, a histological analysis was performed and a score for morphological alterations was assigned
prior to the analyses. A score of 0 was assigned when there was a total absence of any alteration, while 1
indicated mild importance, and 2 was associated with high significance (Supplementary, Tables S1 -12).

In general, the analyses comparing treated groups (NV848, NV914, and NV930) (Figures 35 — 37) and the
control groups (Ataluren-PTC124, water/DMSO+olive oil) (Figures 38 — 40) revealed no significant

alterations in tissue morphology.
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Figure 35. A representative panel of histopathological evaluation on tissues derived from NV848-treated mice
is displayed. In the lower part, a graph showing the exact histopathological scores for each subject is reported

(score = 0) (Corrao F., et al, 2022).
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Figure 36. A representative panel of histopathological evaluation on tissues derived from NV914-treated mice
is displayed. In the lower part, a graph showing the exact histopathological scores for each subject is reported
(score = 0) (Corrao F., et al, 2022).
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Figure 37. A representative panel of histopathological evaluation on tissues derived from NV930-treated mice
is displayed. In the lower part, a graph showing the exact histopathological scores for each subject is reported
(score = 0) (Corrao F., et al, 2022).
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Figure 38. A representative panel of histopathological evaluation on tissues derived from Ataluren (PTC124)-
treated mice is displayed. In the lower part, a graph showing the exact histopathological scores for each

subject is reported (score = 0) (Corrao F., et al, 2022).
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Figure 39. A representative panel of of histopathological evaluation on tissues derived from water-

administered mice is displayed (Corrao F., et al, 2022).
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DMSO + olive oil

Figure 40. A representative panel of of histopathological evaluation on tissues derived from DMSO+olive oil-
administered mice is displayed (Corrao F., et al, 2022).

However, only in two mice treated with 2000 mg/Kg of Ataluren (PTC124), and in two animals from the 2000
mg/Kg NV914 treatment group, a slight tendency toward maturation perturbation of neutrophils (score 1) was
observed, along with a mild expansion of the erythroid lineage (Figures 41).

PTC124

Control

PTCI24 (2000 mg/Kg)
NV848 (300 mg/Kg)
NV914 (2000 mg/Kg)
NV930 (300 mg/Kg)

1.04 o0 oo

Histology score
=
N

Bone marrow histology

Figure 41. This panel provides a detailed bone marrow histopathological examination of samples from mice
treated with NV914 and Ataluren (PTC124). The black arrows indicate a slight expansion of the erythroid
lineage. As shown in the graph, this event was observed in only two samples of each treatment (score =1)
(Corrao F, et al, 2022).
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Specifically, the following features were noted: nuclear hypo-segmentation, reduced cytoplasmic granularity,
and neutrophilic anisocytosis (Corrao F., et al., 2022).
Based on this evidence, all treatments can be considered safe and free from any tissue damage or morphological

abnormalities.

4.2 NV848 biodistribution in vivo.

The second objective was to investigate the in vivo distribution of NV848, by assessing its concentration in
target tissues (plasma, lungs, pancreas, intestine, brain, and kidney), at different time points after the
administration of 60 mg/Kg NV848 to the mice.

Molecules were extracted from the collected organs and the supernatants were analysed by High-Performance
Liquid Chromatography (HPLC), to evaluate the distribution in vivo of the NV molecules.

In detail, after 45 minutes, the highest concentration of NV848 was found in plasma reaching 26 pg/mL
(Figure 42- A). In the lungs, it was 0.17 ug/mL (Figure 42- B), in the pancreas 0.13 pg/mL (Figure 42- C),
in the intestine 2.45 ug/mL (Figure 42- D), in the brain 3.4 pg/mL (Figure 42- E), and in the kidney 0.25
ug/mL (Figure 42- F). Moreover, the detection of the molecule significantly decreased at 2 hours in plasma,

lungs, and kidneys, while it was still well detectable in the brain, intestine, and pancreas.
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Figure 42. The graphs show data of NV848 concentration (ug/mlL) in plasma (A), lungs (B), pancreas (C),
intestine (D), brain (E), and kidney (F) samples. A recovery test was performed for each organ, yielding
recoveries of 27%, 14%, 55%, 15%, 48%, and 30% respectively (plasma, lungs, pancreas, intestine, brain,

kidney). p<0.0001 (*) was calculated using a Two-way ANOVA test, performed using GraphPAD Prism 6.0.
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The data are collectively presented in the graph in Figure 43. The results indicate that the NV848 reached its
highest concentration in the plasma (Figure 42-A), as expected, and that the concentration gradually decreased
in the brain, intestine, kidney, lungs, and pancreas, respectively, in proportion to the increasing time points.
Additionally, the 45 minutes and 120 minutes time points were detectable in most cases, whereas the other two

time points analysed (240 minutes, and 1440 minutes) remained undetectable, except for the pancreas.
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Figure 43. The graph displays the aggregated data, represented as mean = SEM of the values indicated in
figures 42 A-F. p<0.0001 (*) was calculated using a Two-way ANOVA test, performed with GraphPAD Prism
6.0.

Objective No.2: Establishment of a CFTR-G542X mutant mice colony and evaluation of NV848
readthrough activity in vivo.

4.3 Generation and management of a CFTR mutant mice colony and genotyping of newborns.

Following the confirmation of the safety of the three NV TRIDs and the biodistribution of N\VV848 at a dose of
60mg/Kg, the next step was to assess the efficacy of NV848 in vivo. To begin, a mutant CFTR-G542X mice
colony was established, by breeding heterozygous females and male mice CFTRWT/G542X.

After a gestation period of approximately 20 days of pregnancy, delivery occurred, and genotyping was
conducted on the 21 day after birth using specific primers designed for the two different alleles. Throughout
the course of this project, a total of 42 subjects were obtained and genotyped as shown in Figure 44 through

two illustrative panels.
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It was observed that primers designed for the CFTR G542X allele amplified a non-specific product in DNA
samples from WT subjects, (with a size of approximately 100-200 base pairs) in the absence of a specific

target. In G542X homozygous subjects, the primers correctly amplified a 319 bp PCR product.

Primers
CFTR WT - + - + - + - + -
CFTR G542X - + - + - + - + - +

Marker
100 bp ladder

300 bp

Primers
CFTR WT t - + - + - + - + -
CFTR G542X - + - + -+ - + - +

Marker
100 bp ladder

300 bp —

Figure 44. These images display representative results of PCR performed on DNAs extracted from mice ear
biopsy. PCR products were visualized on a 1% TBE-agarose gel and 100 bp ladder was used as a marker. The
red arrow indicates the 300 bp line in the marker and the expected product length is 319 bp, which is found
almost up to the 300 bp line.

The PCR analysis identified 10 CFTRYTmice, 18 heterozygous mice, and 14 CFTR mutant homozygous mice.
Subsequently, the mice were grouped based on their genotype and the specific molecule or vehicle to be

administered.

4.4 Chronic administration for 15 days and evaluation of the CFTR protein expression.

Following the formation of the experimental groups, the subsequent phase of this project involved a 15-day
chronic treatment with NV848 molecule to assess its effectiveness in nonsense CFTR 342X/6542X moyse model.
The selected dosage of 60 mg/Kg was based on the previous results obtained from biodistribution experiments.

The intragastric administration of the specified NV848 dose was carried out in five CFTRG#2X/ G542X (named:
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M17,M11, M6, M5, and M3), besides, one CFTRY" mouse and one CFTR%*?% 652X mouse were administered
only with the vehicle (water), to serve as experimental controls.

Treatments commenced after genotyping and subjects were administered once daily. On the 15™ day, the
animals were euthanized for organ collection, in preparation for the subsequent analyses.

Specifically, molecular and immunohistochemical analyses were conducted on the lungs, which are the organs
most affected by human CF.

To assess the CFTR mRNA expression after the treatment, five CFTRO#2XG342X mice were treated with 60
mg/Kg of NV848, and total mRNAs were analysed by real-time RT PCR (Figure 45- A). The mRNA of a
CFTRE2XG542X mouse treated with water was used as a negative control. The figure shows high variability in
expression between individual specimens following the treatment with NV848. Notwithstanding, a trend

towards higher mRNA levels in the treated mice is observed, with the exception of the M17, compared to the

control.
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Figure 45. (A) Real-time RT PCR graph shows CFTR mRNA levels in the lungs of negative control (only
water) and tested mice (M 17, 11, 6, 5, 3, NV848 60 mg/Kg). The primers used for this analysis are listed in
Table 4. (B) Representative image of one of the two Western blots performed. (C) Graph illustrating the relative
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band density of the CFTR protein presented as the mean of two experiments conducted in duplicate. The p-
value was calculated by the one-way ANOVA test.

After the chronic administration of the NV848 molecule, CFTR mRNA levels and protein expression were

analysed in CFTRG342X/G542X

mice. As controls, the analysis was performed on the total lung mRNA and protein
extracts from one CFTR™T mouse and one CFTRE*?X/6342X moyse that received only the vehicle (water) used
as positive and negative controls, alongside five CFTRG#?X/6542X mjce treated with 60 mg/Kg of NV848.

The results of the Real-time RT PCR showed a variation among the five CFTR®4X/6542X mjce treated with
NV848 in CFTR mRNA expression. Specifically, in 4 of 5 mice (M 11, M 6, M 5, and M 3) the mRNA levels
were higher than that of the untreated control (water).

Furthermore, the analysis of the bands revealed an increase in protein expression in 3 of 5 treated mice,

compared to the control sample. In particular, M17, M11, and M6 reached approximately 1.5-fold higher levels
of CFTR protein expression (Figure 45- C).

4.4.1 Immunohistochemistry experiments for the evaluation of chronic treatment safety and CFTR protein

rescue expression in vivo.

To visualize CFTR localization in the mice lung tissue samples were analysed by immunohistochemistry.
Immunohistochemistry analysis was performed on lung sections of WT and CFTR G3#2X/6342X mjce treated with
NV848 at 60 mg/Kg for 15 days or administered with water as control.

Sections were stained with H & E staining to examine the tissue integrity and to evaluate possible deleterious
effects of the long-term treatment.

Two antibodies were used in the analysis: a thyroid transcription factor 1 (TTF1) antibody to assess the
responsiveness and the reactivity of tissue slides, and an anti-CFTR antibody to detect the protein of interest.
Samples were incubated with the antibody recognizing the TTF1, a protein expressed in nuclei of thyroid and
pulmonary cell epithelia (Aversa S., and Bellan, C., 2018). As seen in Figures 46-A and 46-B, TTF1 is detected
in its correct nuclear localization in all samples, allowing us to confirm that tissues were positive for TTF1
staining (black arrows).

CFTR protein detection was performed using a specific primary antibody. In the WT sample CFTR staining
(black arrows, Figure 46-A) is revealed in the apical membranes of pulmonary ducts, creating a highly intense
brown coloration. In contrast, in the negative control (mouse 16), CFTR staining is not bright and clear and is
mostly localized in intracellular compartments (black arrows, Figure 46-A), rather than in apical membranes,
and it appears non-uniform.

Moreover, the light brown seen in the images of mouse 16, corresponding to CFTR detection, could be due to
a kind of background effect in the detection system.

Lastly, in mouse 3 treated with NV848, CFTR expression is highlighted in the apical membranes of epithelial
cells of pulmonary ducts, forming a more defined line delimiting this area (black arrows, Figure 46-B and

46-C), similar to the WT sample. This allows to conclude that the protein was expressed and reached the
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correct localization. However, even in this case, some signals are also evident in intracellular compartments,

similar to the negative control (mouse 16).
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Figure 46. Images related to immunohistochemistry analyses on (A) mouse 19 (Wild-type), 16 (CFTR

GINGSX only water), and (B) mouse 3 (CFTR ©*Y54X yoated with NV848 60 mg/Kg). Lung slides were
stained with haematoxylin and eosin (H & E) and incubated with anti-TTFI or with anti-CFTR antibodies.
10X, 20X and 40X magnifications are displayed. (C) Close-ups of the areas with CFTR staining in the three

samples, with black arrows indicating the localization of CFTR.



Objective No.3:
a) In vitro CFTR protein rescue evaluation by the Ussing Chamber technique in engineered

16HBE cells with the G542X and W1282X nonsense mutations.

4.5 Study of the CFTR functionality in human bronchial epithelial cells through short-circuit current

measurements.

In addition to assessing protein expression evaluation by Western blot and immunohistochemistry analyses on
the tissue samples, the Ussing chamber technique was employed to better understand whether the rescued
protein reached its natural folding, and if its functionality was restored. To achieve this, 16HBEge CFTR%X
and CFTRW!?82X cell lines were employed.

This objective was pursued during my period as visiting student, as part of the PhD program, at the Institut
Necker Enfants Malades (INEM), under the supervision of Professor, M.D, PhD Isabelle Sermet-Gaudelus.
Each cell line was kept in culture in specific inserts until they differentiated forming an airway epithelium. The
cells were then treated chronically for 48 hours with NV848 (1 mM) or Geneticin (G418) (100 uM), with or
without the addition of NMD inhibitor SMGli (referred to as NMDi) and CFTR modulators, such as Trikafta
(referred to as TK) (Tezacaftor - VX-661, Elexacaftor - VX-445, and Ivacaftor - VX-770).

a) 16HBEge CFT, RE*X cells experiments:

In Figure 47-A, the measurement of Isc (Intensity of short current circuit) is shown after the addition of
Amiloride, which blocks ENaC channels and allows the selective recording of CFTR protein activity. The
results show a consistent pattern in most samples, except for the treatment with NMDi + TK, which resulted
in a positive registration of chloride current. Additionally, the treatment with the tested molecule produced
consistent results both when administered alone and in combination with NMDi + TK. These findings suggest
that all the epithelia analysed were viable and responsive to drugs, both in terms of individual treatments and
Ussing chamber analysis.

The graphs in Figures 47-B and C report data relative to Isc measurement for the induction or inhibition of
CFTR activity. To assess specific CFTR activity, CFTR stimulation is achieved using IBMX/forskolin, while
inhibition is accomplished with the specific inhibitor Inh172.

Figures 47-B and C indicate that the NV848 treatment alone and in combination with NMDi + TK does not
achieve the same level of CFTR induction as Geneticin (G418) (administered alone or in combination).
However, when the specific CFTR inhibitor is added to the solution, NV848 treatment yields nearly the same
level of response as Geneticin (G418).

These results suggest that the treatment is safe, as epithelia remain viable; and the current registration is
specific to the CFTR protein. However, NV848 may not be sufficient to fully rescue CFTR functioning in this

model system carrying the G542X nonsense mutation in the CFTR gene.
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Figure 47. Graph showing short-current measurement (Isc) following the addition of (A) amiloride (100uM),
(B) IBMX (100uM)/Forskolin (10uM), or (C) CFTR inhibitor Inhl72 (40uM). Data were analysed using

LabChart8 Readers software (ADInstruments).

b) 16HBEge CFT R"1282X colls experiments:

The same investigation was conducted on the Il6HBEge CFTRY!22X cell lines.

As before, in Figure 48-A the effect of amiloride addition is shown, aimed at inhibiting the activity of ENaC

channels, in order to selectively register chloride transport only attributable to the CFTR protein. Figures 48-

B and C report the CFTR activation and the inhibition, respectively.
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In these graphs (Figures 48-B and C), the CFTR-mediated chloride current registration indicates that NV848

treatment alone did not induce CFTR activity (Figure 48-B) in the same manner as the positive control, the

Geneticin (G418) treatment, which gave a slight response too.
However, when used in combination with NMDi and TK (combo), NV848 reached more than half of the level

achieved by Geneticin (G418) in combo. Regarding CFTR inhibition, the results (Figure 48-C) showed that,

when alone, NV848 treatment gave almost the same result as G418 alone, but in combination with NMDi+TK,

the action of the drug is profoundly boosted, showing the same trend of the Geneticin (G418).
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Figure 48. Graph showing short-current measurement (Isc) after the addition of (A) amiloride (100uM), (B)
IBMX (100uM)/Forskolin (10uM), or (C) CFTR inhibitor Inh172 (40uM). Measurements were analysed using

LabChart8 Readers software (ADInstruments).
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These results suggest that the NV848 treatment could be a potential molecule able to rescue CFTR protein
activity in the CFTR-W1282X nonsense mutation context, but the use of NMD inhibitors and CFTR
potentiators and correctors could be needed to maximize CFTR activity, in a synergic action with the

readthrough compound NV848.

¢) Real-time RT PCR on 16 HBEge CETR®** and CFTR""?***,

Real-time RT PCR was carried out to evaluate CFTR mRNA expression on the same sample examined with

Ussing Chamber, and the results are shown below (Figure 55).
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Figure 49. qPCR analyses are presented in the graphs, corresponding to 16HBEge G542X (left) and W1282X
(right). gPCR was performed in duplicate.

These analyses reveal a similar pattern for the genotypes, G542X and W1282X. In fact, the addition of NMDi
and TK induces an improvement in the CFTR mRNA expression, which is further enhanced when TRIDs are
included in the treatment, as seen with NV848 and Geneticin (G418). However, for CFTR-G542X cell lines,
due to some samples with poor quality, only one NMDi + TK was analysed, and, unfortunately, no G418 +
NMDi + TK sample was available for the same reason.

Taken together, these results suggest that NV848 TRID holds promise in the context of the nonsense mutation
W1282X, but further investigation is needed to determine its potential for inducing the readthrough of the
(542X stop codon.
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b) Assessing the ability of NV molecules to induce readthrough in a different genetic context

in vitro, using primary human fibroblasts with the UGA-R1683X mutation in the LRBA gene.

4.6 Investigation of the effects and activity of NV848, NV914 and NV930 on primary human fibroblasts with

the LRBAR!053XRI683 Xy tation.

Given that approximately 11% of inherited diseases are caused by nonsense mutations, finding a molecule that
can act across various genetic contexts and pathologies, would be extremely beneficial in improving patients'
conditions and quality of life. For this reason, the functionality of the three NV compounds was previously
explored in CF and SD. Additionally, the current project aims to assess the effectiveness of the three NV TRIDs
in promoting readthrough of the R1683X nonsense mutation in the LRBA gene, a factor contributing to the

onset of Primary Immune Regulatory Disorders (PIRDs).

4.6.1 Evaluation of LRBAR'SNRISSX primary fibroblasts after 24, 48, and 72 hours of NV compounds

treatment.

To assess the effects of TRIDs treatment on LRBARIS3XRISEX hyman primary fibroblasts, cells were plated
and treated for 0, 24, 48, and 72 hours. (Figure 50).

As shown in the graph in Figure 50, NV848 treatment (blue) had no impact on cell proliferation. In the case
of NV914 (green), and NV930 (pink), a significant decrease in cell proliferation was observed after 48 and 72
hours. The Geneticin (G418) and Ataluren were used as experimental controls. In the case of the Geneticin
(G418), cells exhibited a substantial decrease in proliferation at all time points, while Ataluren produced results

similar to the NV914 and NV930 treatments.
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Figure 50. Graph illustrating fibroblast growth curve after 24, 48, and 72 hours of chronic treatment with the
specified molecules (in triplicate). Geneticin (G418) (430uM) and Ataluren (PTC124) (12uM) were used as

controls. NV848, NV914, and NV930 (12uM) were compared to Geneticin (G418), Ataluren (PTC124), and

untreated samples. A p value summary <0.0001 was calculated by the two-way ANOVA test.
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A subsequent step involved the evaluation of mRNA levels post-treatment, and a Real-time RT PCR analysis
was performed. The analysis revealed an increase in the LRBA transcript levels in NV848-treated cells (Figure

51).
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Figure 51. Real-time RT PCR of LRBA transcript in untreated and NV TRIDs or Ataluren (PTCI124) (12uM)

BAR1683X/R1683X

treated primary fibroblasts LR for 72 hours. The experiments were conducted in triplicate. A p

value < 0.0001 was calculated by one-way ANOVA test statistical analysis.

The presence of a premature stop codon typically affects the mRNA stability through the action of the NMD
pathway. To investigate the potential impact of NV848 on the transcript sequence, an NGS analysis was
performed on NV848-treated cells.

For this purpose, total RNA was extracted, then, retrotranscribed, and cDNA was amplified using primers
designed to anneal in the region containing the mutation (c. 5047 C>T) (Table 5).

NGS analysis (conducted by BMR Genomics) revealed that NV848 treatment did not alter nucleotide sequence
integrity, as the sequence of the NV848 treated samples remained identical to the untreated ones. Both
sequences were also compared to the reference (NM_006726.4) (Figure S 1, Supplementary section).
Bioinformatic analysis established that both sequences (NV848 and untreated) retained the same nucleotide in
position 5047, which was “T”. This indicates that the mutation characteristic of the patient’s cells was

preserved, and that the treatment did not induce any change in the mRNA sequence.

4.6.2 Evaluation of LRBA protein expression, localization, and functionality rescue after 72 hours of NV

molecules treatment.

Finally, to assess the expression of the LRBA protein after readthrough, cells were treated for 72 hours with
NV848, NV914, NV930, and Ataluren (PTC124), and the proteins were extracted and analysed by Western
blot (Figure 52).

Two positive controls were used: Hela and IMR-90 cells.

As shown in Figure 52, NV848, NV914, and NV930 treatments induced a significant expression of the LRBA

protein, compared to the untreated sample.
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Figure 52. (A) Western blot analysis showing LRBA protein (319 kDa) expression following the indicated
treatments in human LRBAR'S3¥RI8X fibroblasts. Beta-tubulin (55 kDa) was used as a loading control. Images
were analysed using ImageJ software and the band density was reported in graph (B). A p value <0.0001 was
calculated by one-way ANOVA test statistical analysis.

The ultimate goal was to investigate the LRBA localization and functionality.

For this purpose, primary LRBARIS$3XRI6SX fihroblasts were treated for 72 hours with NV molecules or
Ataluren (PTC124), and LRBA protein was detected by immunofluorescence analysis. Hela cells were utilized
as a positive control.

The result of this assay indicated that NV848 and NV914 treatments restored protein expression and
localization, within intracellular compartments and the perinuclear area. NV930 yielded a weaker signal,

similar to Ataluren (PTC124), in comparison to untreated cells (Figure 53).
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Figure 53. A) Immunofluorescence images of the Hela and primary LRBAR!®3YRISS3X colls  either untreated or
treated with the NV compounds or Ataluren (PTC124) (12 uM). The panel displays DAPI staining for nuclei,
LRBA positive signals, and merged staining. B) The graph depicts the results of fluorescence intensity analysis.
The experiments were replicated in duplicate. A p value <0.0001 was calculated by one-way ANOVA test

statistical analysis.
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To assess LRBA functionality, an indirect approach was employed. Specifically, EGFR localization was chosen
as an indirect measure of the LRBA functionality.

Indeed, EGFR transport and recycling in the plasma membrane and in the intracellular vesicles have been
proposed to be linked to LRBA protein-associated vesicles (Sigismund S., ef al., 2008; Sigismund S., ef al.,
2017; Martinez-Jaramillo, C., and Truijllo-Vargas, C. M., 2018; Murphrey M. B., et al., 2022).

In normal conditions, an equilibrium between EGFR transport to the plasma membrane, and endocytic
internalization is expected (Tomas A., et al., 2014).

The hypothesis was that if LRBA was rescued, correct EGFR trafficking and recycling should be observed.
Hela cells were used as a positive control since, in cancer cells, EGFR is mainly localized in the plasma
membranes. Primary LRBARI®3XRI6SX fihroblasts were either untreated or treated for 72 hours with NV
molecules or Ataluren (PTC124).

In Figure 54, EGFR staining (yellow) analyses showed EGFR localization in both plasma membrane and in
the cytosol of the treated cells, confirming the hypothesis of LRBA involvement in the EGFR transport.
However, in the case of NVs and Ataluren (PTC124) treatments, the results are promising. NV848 appeared
to be the most effective among the NV molecules because EGFR signals (white arrows) are observed not only
in plasma membranes but also as spots in the cytosol. This observation suggests that EGFR is correctly
expressed in the membranes and properly recycled, maintaining cellular homeostasis.

This result confirms that the rescue of LRBA functionality occurred with NV848 treatment, as indicated by
the absence of signals in untreated samples (magnification Figure 54-A). NV914, NV930, and Ataluren
(PTC124) treatments improved EGFR expression, but did not achieve the same levels of EGFR expression
under NV848 treatment (Figure 54-B).

Furthermore, since the LRBA-EGFR pathway has not been clearly elucidated, these analyses shed light on

potential future investigations to understand this pathway.
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Figure 54. A) Immunofluorescence analysis to visualize EGFR protein expression in primary LRBAR!633Y/RI683X
cells treated with NV848, NV914, NV930, and Ataluren (PTC124) (12 uM). Hela cells were utilized as a
positive control. B) The graph presents the mean fluorescence intensity. The experiments were conducted in

duplicate. A p value <0.0001 was calculated by one-way ANOVA test statistical analysis.
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Collectively, these results confirm that NV molecules, with a primary emphasis on NV848, have the potential
to serve as potent TRID for treating NRDs. Furthermore, the data obtained from these recent investigations on
LRBARISSIXRIGSX coy]ld open the door to further investigations into the role of LRBA in intracellular vesicles
and the discovery of other LRBA targets.

Similarly, elucidating the correlation and the pathways influenced by the presence or absence of LRBA may
provide a valuable strategy for comprehending and treating LRBA mutations in the context of precision

medicine.
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5  DISCUSSION

Nonsense mutations are responsible for approximately 11% of life-threatening inherited diseases. These
mutations lead to the presence of a premature termination codon (PTC) in the mRNA sequence, resulting in
the complete absence of the protein encoded by the aberrant mRNA.

Currently, there are no treatments available for Nonsense Related Disorders (NRDs).

However, suppression therapy using Translational Readthrough-Inducing Drugs (TRIDs) represents one of
the most promising strategies to overcome this defect.

In this scenario, three newly optimized molecules, namely NV848, NV914, and NV930, have recently been
tested in cell models of CF and Schwachman-Diamond syndrome. These studies have revealed the specificity,
safety, effectiveness, and a possible mechanism of action of these molecules in vitro (Pibiri 1., ef al., 2020;
Bezzerri V., et al., 2022; Carollo P. S., et al., 2023; Perriera R., et al., 2023).

Up to this point, the efficacy of NV molecules was demonstrated in vitro. In this thesis, the objective was to
evaluate the safety, biodistribution, and potential activity also in an in vivo model, which is a crucial step in
the development of new substances.

To achieve this aim, murine models were utilized in this project. Specifically, two main goals were pursued to
assess the tolerability and biodistribution in C57BL/6 mice.

Particularly, a well-established protocol, from OECD guidelines for in vivo chemicals testing (OECD No. 420),
was chosen to assess the acute toxicity of NV molecules using a fixed dose. The protocol permitted us to use
the smallest number of animals required to achieve statistical significance.

A first pilot study, conducted on a single animal, allowed us to determine the potential toxic effects of the
maximal dose of 2000 mg/Kg of the tested drugs (NV8484, NVI19, or NV930), comparing the results with
the control group (Ataluren - PTC124). Two of the NV molecules, specifically NV848 and NV930, proved to
be lethal at this dosage, while NV914 did not. Therefore, it was established that the maximum tolerated dose
was 2000 mg/Kg for NV914, as well as for the positive control, Ataluren (PTC124), and 300 mg/Kg for NV848
and NV930. Consequently, the main study was conducted using these doses (Corrao F., ef al., 2022).

The study continued through the administration of the three NV molecules to the specimens. After the
administration and during the monitoring of the animals, the effects of the different treatments were recorded
and appeared to be very similar to each other and comparable to the positive control, Ataluren (PTC124).
Given that Ataluren (PTC124) is an approved drug for the nonsense Duchene muscular dystrophy treatment
(Ryan N. J., 2014; https://www.ema.europa.eu/en/medicines/human/EPAR/translarna#authorisation-details-
section), this result appears to be reassuring. In any case, all the symptoms observed following the
administration of the three NV molecules were found to be transient and disappeared within approximately
four hours.

Confirmation of the safety of the molecules comes from histological examinations performed on the 15 day
at the end of the observational period. The results of analyses performed on the brain, heart, lungs, liver, spleen,

pancreas, small and large intestines, kidney, bone marrow, testis, and ovaries revealed that no alterations in
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morphology or tissue development were present, reinforcing the data that NV molecules, even at the elevated
doses administered, are safe and well tolerated in vivo.

The assessment of NV molecules’ safety allowed us to plan the next step, which involved investigating the
biodistribution in the same mouse model used for the toxicity study. We focused our attention on the NV848,
and experiments were performed using the dose of 60 mg/Kg corresponding to the dose used in the literature
for Ataluren, our positive control (Du M., ef al., 2008). Following the protocol adapted by the work of Kayali
(Kayali R., et al., 2012), the amount of NV848 was analysed at different time points in target organs relevant
in Cystic Fibrosis.

High-Performance Liquid-Chromatography (HPLC) performed on the above-mentioned organs revealed the
presence of NV848 in all the analysed organs.

In addition, the molecule does not remain in the organs for an extended period, indicating that it is likely easily
metabolized. It is also noteworthy that NV848 becomes undetectable in the kidneys, leading to speculate that
it is efficiently excreted, thus preventing any potential toxic effects arising from the accumulation of the
molecule.

These data, which suggest the absence of toxicity and the favourable biodistribution profile, allowed us to plan
to test the readthrough activity of NV848 in a murine model characterised by the nonsense mutation G542X
in the CFTR gene. This mutation is one of the most common among CF patients, and this recent mouse model
was produced to present the mutation in the endogenous CFTR gene in all tissue districts (McHugh D. R., et
al., 2018).

From the heterozygous mice gifted by Professor Hodge, a colony of mutant CFTR mice was established to
obtain homozygous CFTR®#XG542X individuals, which were selected through genotyping of newborns.
Chronic oral treatment in mice was performed for 15 days, and then the organs were collected. The analysis of
the CFTR expression was focused on the effects of the NV848 treatment. The analysis results revealed that,
following the extended treatment, three out of five homozygous mutant mice showed a rescue in CFTR protein
expression, evidenced by Western blot analysis. Furthermore, immunohistochemistry analyses on lung samples
from the animal groups revealed the presence of differences in CFTR expression among the control,
homozygous untreated, and treated groups. In fact, the analyses indicated that in the CFTRYT mouse (mouse
19) the brown staining, corresponding to the CFTR expression, was homogeneous, precise, and delineated on
the apical membranes of the epithelial cells in the pulmonary ducts.

In the case of the negative control (untreated CFTRY**%¥/6542X homozygous mouse; mouse 16), the CFTR
detection was varied and not uniform. This variation may be due to some off-target effect of the antibody.
Finally, in the CFTR32X/6342X homozygous NV848-treated subject (mouse 3), the specific signal on the apical
membrane was detected and uniform, as in the WT, but with lower intensity. Additionally, some dots were
found on the intracellular side. This precise and correct signal suggests CFTR protein was rescued, not only in
terms of the full-length translation but also in its proper localization, and possibly its function.

Additionally, an interesting observation was that the chronic treatment did not alter the integrity, development,
and morphology of the tissues, allowing us to assess that the molecule is safe when administered continuously

for a two-week period.
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These results seem very promising, but they need to be confirmed by increasing the number of animals.

The final part of this study on CFTR protein rescue, involved in vitro models, specifically the 16HBEge cell
lines harbouring the two most common nonsense mutations: G542X and W1282X.

The Ussing chamber technique, which is the gold standard for investigating CFTR functional rescue, was
employed for this purpose.

In this context, a crucial factor influencing the readthrough was considered. Particularly, the NMD pathway,
responsible for aberrant mRNAs degradation, as in the case of PTC-mRNAs. Since blocking NMD has been
shown to enhance the effects of readthrough drugs, several NMD inhibitors have been studied over the last
few decades (Isken O. and Maquat L. E., 2007; Romao L., 2019; McHugh, D. R., et al., 2020).

For the current investigation, cells were treated for 48 hours with the NVs molecules or Geneticin (G418) as a
control, either individually or in combination with NMDi and CFTR potentiators and correctors, such as
Trikafta (TK) (VX-445, VX-661, VX-770).

The Ussing experiments revealed that, in the 16HBEge CFTR%*X cells, CFTR protein was not activated under
the NV TRID, compared to the Geneticin (G418), which is still low.

However, in the I6HBEge CFTRW!282X cells, the response to treatment showed few differences. When CFTR
was stimulated by the addition of forskolin/IBMX, NV848 in combination produced a positive activation of
CFTR function. This activation was lower than achieved with Geneticin (G418) in combination, but higher
than the treatment with NMDi + TK alone. This suggests that CFTR restoration after NV848 treatment, occurs
synergistically with NMDi and TK.

Furthermore, the CFTR mRNA levels were investigated under the same treatment conditions as the Ussing
analyses. The results indicated that NV848 in combination significantly induced mRNA expression and
stabilization in both genetic contexts: the Il6HBEge CFTR%*X and the CFTRY!*%?X cell lines. This effect was
more pronounced than that observed with Geneticin (G418) in combination.

These findings may pave the way for future investigations in different genetic contexts and with other NV
TRIDs, to gain a better understanding of potential mechanisms of action for improving treatment with NV
molecules.

The final objective of this research was to assess the efficacy of NV TRIDs to rescue the effects of a recently
discovered nonsense mutation in the LRBA gene (Lopez-Herrera G., et al., 2012). This involved, evaluating
the effectiveness of these compounds in a different disease influenced by a distinct genetic background.

ARIOBXRIGEIX nhyytations were treated with the three

For this purpose, primary human fibroblasts with the LRB
NV molecules.

The initial question was whether the treatment could affect cell growth, which was assessed after 0, 24, 48,
and 72 hours of treatment. The results showed that NV848 did not negatively impact cell growth being similar
to the untreated sample. However, NV930 and NV914, as well as the control with Ataluren (PTC124), resulted
in a slight decrease in cell growth.

Subsequently, the assessment of LRBA mRNA levels revealed an increase after NV848 treatment, as well as

observed in the CFTR study. To rule out the possibility that mRNA stabilization resulted from a change in the
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stop codon, the region of interest in the mRNA was sequenced, and it was demonstrated that such changes did
not occur.

Then, the LRBA protein expression was analysed after 72 hours of treatment with NVs and Ataluren (PTC124).
Initially, the Western blot revealed that protein production was rescued under NVs treatment. Subsequently,
the protein localization was examined, which indicated a recovery in the correct LRBA localization, primarily
with NV848 and NV914 treatment.

Moreover, an indirect assessment of LRBA protein function rescue was conducted. Specifically, on the basis
of the fact that the EGFR protein transport and localization have been shown to be linked to LRBA-associated
vesicle-mediated transport, I aimed to determine EGFR localization as an indirect measure of LRBA
functionality. Specifically, EGFR should not only be present in the plasma membrane, as this is associated with
tumorigenic cell proliferation, but also in intracellular compartments (Tomas A., et al., 2014). Through
immunofluorescence analysis, it was observed that, in Hela cells, EGFR was perfectly localized only in the
plasma membrane.

In contrast, under the NV848 treatment, EGFR was found in both plasma membranes and in the cytosol.
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6 CONCLUSIONS

In conclusion, the in vivo safety assessment of NV TRIDs demonstrated their excellent tolerability, even at
higher concentrations (2000 mg/Kg for NV914, 300 mg/Kg for NV848 and NV930). Moreover, this study
suggests classifying NV molecules as low-risk compounds according to the GHS chemical classification.
The biodistribution analysis, with a specific focus on NV848, revealed the molecule's efficient targeting of key
organs relevant to CF, including the lungs, pancreas, intestine, plasma, kidney, and even the brain, when
administered at 60 mg/Kg. Furthermore, NV848 was rapidly metabolized, with most organs showing
undetectable levels after just 2 hours, except for the kidney, where the compound became undetectable after
45 minutes. The assessment of NV848's efficacy in a murine CF nonsense model yielded significant results. It
led to mRNA stabilization and increased protein production in over 50% of the mice treated with NV848 at 60
mg/Kg. While promising, further analyses involving more organs and subjects are required to establish
statistical significance.

Following the in vivo phase of the project, the focus shifted to two in vitro models, one for CF and one for
LRBA. In particular, 16HBEge CFTR%*X and CFTRY!%2X cell lines were employed to evaluate NV848's
potential to promote CFTR protein function rescue, using the Ussing chamber. NV848 treatment, either alone
or in combination with NMDi and Trikafta, did not yield significant results for the G542X nonsense mutation.
However, for the W1282X mutation, a slight activation and improvement in CFTR functionality were observed
with NV848 treatment in combination.

For the LRBA protein investigation, all three NV molecules were used, successfully promoting LRBA protein
rescue, with NV848 and NV914 exhibiting more efficient activities. Ultimately, NV848 treatment appeared to
be the most effective TRID in restoring LRBA protein functionality, as demonstrated by the evaluation of

EGFR as an indirect target of LRBA-associated vesicles.
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7  SUPPLEMENTARY

7.1 Histopathological analysis scores in mice undergoing the toxicity study.

In this section, tables relative to the scores of the histopathological analyses are reported. These data
report the specific indications and morphological features considered during the analyses of each

organ of the mice subjected to the toxicity study (Objective No.1, Results section) (Tables S 1 —12).
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Tissue

Treatment

Tubular damages
(severity)

Tubular damages
(extension)

Glomerular
alterations
(severity)

Glomerular
alterations
(extension)

Vascular congestion
(severity)

Vascular congestion
(extension)

Glomerulosclerosis
(severity)

Glomerulosclerosis
(extension)

Interstitial fibrosis
(severity)

Interstitial fibrosis
(extension)

Arteriolar
hyalinosis
(severity)

Arteriolar
hyalinosis
(extension)

Kidney
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Tissue

Treatment

Cryptitis
(severity)

Cryptitis
(extension)

Chorion inflammatory
infiltration (severity)

Chorion inflammatory
infiltration (extension)

Suppression of
mucosecretory
activity (severity)

Suppression of
mucosecretory
activity (extension)

Regenerative/displastic
alterations (severity)

Regenerative/displastic
alterations (extension)

Glandular atrophy
(severity)

Glandular atrophy
(extension)

Large Intestine
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Tissue

Treatment

Villi atrophy
(severity)

Villi atrophy
(extension)

Crypts hyperplasia
(severity)

Crypts hyperplasia
(extension)

Regenerative/displastic
alterations (severity)

Regenerative/displastic
alterations (extension)

Inflammatory
infiltration (severity)

Inflammatory
infiltration (extension)

Cryptitis (severity)
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Tissue

Treatment

Erythroid colonies
expansion (severity)

Erythroid colonies
expansion (extension)

Myeloid cells
expansion (segmented)
(severity)

Myeloid cells
expansion (segmented)
(extension)

Myeloid cells
expansion (immature)
(severity)

Myeloid cells
expansion (immature)
(extension)

Megakaryocyte
clustering (severity)

Megakaryocyte
clustering (extension)

Megakaryocyte
pleiomorphism
(severity)

Megakaryocyte
clustering (extension)

Erythro/Hemophagocytosis
(severity)

Erythro/Hemophagocytosis
(extension)
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Tissue

Treatment

Cortical necrosis
(severity)

Cortical necrosis
(extension)

Intracerebral
hemorrhage
(severity)

Intracerebral
hemorrhage
(extension)

Neuronal
degeneration
edema (severity)

Neuronal
degeneration

edema (extension)

Inflammatory
response
(severity)

Inflammatory
response
(extension)

Brain
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Maturation | Maturation | Inflammatory | Inflammatory . . . . . .
. Lo Lo Fibrosis Fibrosis Necrosis Necrosis
Tissue | Treatment ID defects defects infiltrate infiltrate . . . .
. . . . (severity) | (extension)| (severity) | (extension)
(severity) | (extension) (severity) (extension)
1 0 0 0 0 0 0 0 0
NV 930 2 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0
7 0 0 0 0 0 0 0 0
NV 848 8 0 0 0 0 0 0 0 0
16 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0 0
Ovary PTC 124 11 0 0 0 0 0 0 0 0
26 0 0 0 0 0 0 0 0
17 0 0 0 0 0 0 0 0
NV 914 21 0 0 0 0 0 0 0 0
22 0 0 0 0 0 0 0 0
24 0 0 0 0 0 0 0 0
CTRL 28 0 0 0 0 0 0 0 0
30 0 0 0 0 0 0 0 0
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Figures S1 — 12. In these tables are reported the detailed scores individuated and registered during
histopathological analyses on tissues derived from the toxicity study. The organs analysed were the heart, lung,

liver, spleen, pancreas, kidney, large intestine, small intestine, bone marrow, brain, ovary, and testis (Corrao

FE,etal, 2022).
92



7.2 NGS analyses for the evaluation of NV848 treatment safety towards the integrity of the mRNA sequence.

The following panel illustrates the results obtained by the NGS analyses of the cDNA sequences.

1009247597520 barm Coverag

10092475 975208 bam

L e L PP LTl

10092487 575207 bar Coverag ‘ ‘
L

Figure S 1. This figure shows the comparison between the reads obtained by NGS sequencing in the untreated
(up) and NV848-treated (down) samples. In the red rectangle is evidenced the position (5047) of the nucleotide

to check, which is a T in the reference sequence.

7.3 Ussing chamber curves on 16HBE CFTR®**** and CFTR"'?%’X cell lines.

Following are reported all the registrations of the triplicates (16HBEge CFTR%***X) and of the duplicates
(16HBEge CFTRY!282X) made by Ussing chamber experiments for the evaluation of CFTR functionality
activity after NV848 TRID and Geneticin (G418) treatment.
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Curves of the 16HBEge CFTR***
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Figure S 2. These images show the measurements of the Isc relative to the chloride current after different
treatments. Precisely, in A) the curves of DMSO, and NMDi + TK; in B) Geneticin (G418), and Geneticin
(G418) + NMDi + TK; in C) NV848 + NMDi + TK. Registrations were made using LabChart8 Readers
software (ADInstruments).
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7.3.2  Curves of the 16HBEge CFTR""?5**
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Figure S 3. These images show the registration of the Isc relative to the chloride current after different
treatments. Precisely, in A) the curves of DMSO, and NMDi + TK, Geneticin (G418), and Geneticin (G418) +
NMDi + TK; in B) NV848 + NMDi + TK. Registrations were made using LabChart8 Readers software

(ADInstruments).
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