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The respiratory epithelium can be affected by many diseases that could be treated using aerosol gene therapy. Among
these, cystic fibrosis (CF) is a lethal inherited disease characterized by airways complications, which determine the life
expectancy and the effectiveness of aerosolized treatments. Beside evaluations performed under in vivo settings, cell
culture models mimicking in vivo pathophysiological conditions can provide complementary insights into the potential of
gene transfer strategies. Such models must consider multiple parameters, following the rationale that proper gene transfer
evaluations depend on whether they are performed under experimental conditions close to pathophysiological settings. In
addition, the mucus layer, which covers the epithelial cells, constitutes a physical barrier for gene delivery, especially in
diseases such as CF. Artificial mucus models featuring physical and biological properties similar to CF mucus allow
determining the ability of gene transfer systems to effectively reach the underlying epithelium.
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| 1. Cystic Fibrosis and Current Protein Treatment

Cystic fibrosis (CF) is one of the most common inherited genetic disorders, affecting over 70,000 people worldwide . CF
is induced by numerous mutations listed in a single gene encoding the cystic fibrosis transmembrane conductance
regulator (CFTR) [&. The CFTR protein is a channel that participates in the exit of chloride ions from the cytoplasm. This
channel also plays a key role in the regulation of another channel called ENaC (epithelial sodium channel), involved in the
reabsorption of sodium. Altogether, those channels control the correct hydration of mucus on airway epithelial cells.
Alteration or dysfunction of the CFTR channel leads thus to abnormal ion transport and mucus dehydration (Figure 1A).
Such dehydrated sticky mucus is responsible for the diminution of mucociliary clearance (MCC), leading to a mucosal
accumulation. This mucus stagnation provides a propitious environment for bacterial colonization and infections, inducing
related chronic inflammation. In the CF context, polynuclear neutrophils accumulation in the mucus is responsible for the
production and the excretion of lysosomal enzymes which directly contribute to tissue remodeling Bl The remodeling of
secretory cells induces an overproduction of mucin, the main constituent of mucus, leading to severe consequences for
the respiratory exchanges 2.

Figure 1. Schematic representation of the respiratory system and the use of an aerosol to target the pulmonary
epithelium. (A) The upper and lower respiratory tract with an emphasis on a bronchial section constituted by mucous
glands and smooth muscles. In the case of cystic fibrosis (CF), sticky mucus is overproduced and creates a bronchial
plug. (B) Pseudostratified airway epithelium composed of goblet, ciliated, and basal cells. The mucosa is covered with
airways surface liquid (ASL) which contains two layers, a periciliary liquid layer directly in contact with the cilia and mucus
layer. CF mucus is colonized with opportunistic bacteria such as Staphylococcus aureus and Pseudomonas aeruginosa.
These bacteria form a biofilm participating in the viscous and dense aspect of the CF mucus. When nanoparticles (NPs)
such as lipoplexes are aerosolized, they have to cross the mucus barrier before reaching the epithelial cells to deliver
therapeutic compounds such as acids nucleic construction.

Today, pulmonary complications are the primary cause of CF-related morbidity and mortality. Similar manifestations exist
in the gastrointestinal and genital tracts but are, at present, dealt with by symptomatic treatments such as supplementary
pancreatic enzymes 8. During the last decade, new drugs have been developed regarding the CFTR mutations. Ivacaftor
(Kalydeco®), a CFTR potentiator channel, is indicated for the G551D mutation. This potentiator can be associated with
correctors such as lumacaftor (Orkambi®) or tezacaftor (Symdeko®) for the homozygote F508del mutation. More recently,
a tritherapy, namely, elexacaftor-tezacaftor-ivacaftor (Trikafta®), showed an FEV1 (forced expiratory volume) higher than
10% benefit for patients with a single F508del allele 4. Unfortunately, these molecules are mutation-dependent and are
sometimes responsible for several side effects (such as hepatitis, abdominal pain) €. Even though pharmacology using
CFTR potentiators is a real hope for most CF patients, rare mutations cannot currently be treated with those kinds of
molecules.



| 2. Gene Therapy in CF Disease

Gene therapy may be a relevant approach to treat CF patients whatever their genotype. This technique was primarily
used during the first trials of gene therapy in 1989-1990, which were coordinated by the NIH Clinical Center in Bethesda
(Maryland) for adenosine deaminase (ADA) deficiency . Since then, this technology kept on developing and became
more and more efficient. The principle of gene transfer is based on the introduction of nucleic acids sequences. The
plasmid, pDNA, containing a transgene encoding for the gene of interest, can be inserted into targeted cells through
different systems. Viral vectors were the first to be used and have already proven efficient. In 2017, gene therapy was
proved to be efficient in treating patients with hemophilia A and B using viral AAV vectors, providing a breakthrough to cure
these monogenetic diseases LA The |ast gene therapy approved by the FDA and the EMA is Zolgensma (Novartis) for
the treatment of spinal muscular atrophy 22. However, viral vectors present some disadvantages. For instance, their
immunogenicity limits the possibility of re-administration and they are difficult to produce and to purify. On the other hand,
non-viral vectors are based on the use of chemical compounds, mostly lipids or cationic polymers, which directly cross the
cytoplasmic membrane of the cells 3114 Compared to the viral strategy, the non-viral approach can easily be re-
administrated thanks to the absence of an immunogenic reaction and to their good tolerance 221, This re-administration is
mandatory because of the constant renewal of epithelium pulmonary cells leading to the decrease in and eventually the
disappearance of transgene expression. Moreover, non-viral vectors have the ability to compact longer nucleic acid
sequences, which is useful for transgenes such as CFTR. However, the in vivo efficiency of non-viral vectors is still too
low to get closer to the normal phenotype significantly, even if a change in the clinical state of the patient can be observed
(18], These strategies still have to be improved.

Given its characteristics, CF is a particularly complex and challenging model to approach pulmonary diseases and is a
helpful model for other pathologies affecting the lungs and the respiratory tract. Successfully developing a gene therapy
treatment for CF can potentially open the door to the treatment of other lung disorders. To directly target the lung, inhaled
drugs can be administrated under different forms: pressurized metered-dose inhalers, nebulizers, soft mist inhalers, nasal
sprays, and dry powders for inhalation (Figure 1A) L8IL7, The choice of devices has some consequences and influences
the lung deposition (28], This type of administration is a non-invasive method performed locally as drugs can easily reach
the large absorptive surface area of the epithelium. Moreover, this technique has the benefit of avoiding the first-pass
metabolism, intestinal efflux transporters, and degradation in the digestive system 21201 Deposition of an aerosol is
dependent on the physical properties of generated micro-droplets. The droplet size determines the delivery location in
pulmonary airways: the smaller the size, the deeper the deposition. The anatomy of the upper and lower airways and the
breathing frequency are also key parameters that influence aerosol deposition 222 Nebulization represents the process
of transforming a liquid into an aerosol which can reach the respiratory tract (Figure 1B). This technique has the
advantage of not requiring galenic formulation to a dry powder, which could damage the quality of the product. Qiu et al.
showed that the lyophilization technique did not impact the in vitro transfection efficiency but, when tested on mice models
using tracheal administration, nebulization of a reconstituted formulation was more efficient than the dry powder 23],

| 3. Current Challenges and Models

However, currently, over 25 clinical trials of gene delivery based on viral or non-viral gene vectors have failed to
demonstrate significant clinical benefits, mainly due to inefficient gene transfer into the target cells [24]. Additionally, some
viral CF gene therapy trials elicited host immune response. Consequently, clinical assays have been discontinuous,
making subsequent treatments ineffective. Moreover, lifetime repeated treatment is required when using non-integrative
systems for CF patients because of the transient nature of episomal transgene expression in addition to the natural life
expectancy of the airways epithelial cells 23, In 2015, the UK CF Gene Therapy Consortium completed a CF gene
therapy clinical trial and observed that the use of a non-viral gene vector (GL67A, Genzyme corp.) had a significant, but
still modest, benefit on the respiratory function (+3.7% of FEV1) compared to placebo controls 23, They showed that a
single aerosol per month, for one year, of a solution composed of nanoparticles (NPs) containing 13 mg of plasmid was
very well tolerated. However, a more efficient gene delivery vector is needed to really make gene therapy a realistic option
for the treatment of CF patients (15,

Extracellular barriers, indeed, have to be taken into account to adapt and finely tune their formulations (Figure 1B). Due to
the presence of mucus as a protective barrier for xenobiotics, the passage through the cell is considerably reduced. The
great majority of non-viral vectors as well as viral ones are stuck in the thick mucus of CF patients 28, Inhaled gene
vectors can be trapped within the mucus layer via non-covalent bonds (electrostatic and hydrophobic interactions) or
simply cannot enter the network structure 281, Many clinical studies have failed to demonstrate a gene therapy efficiency
in the CF lung because the mucus was partially or totally neglected in in vivo and in vitro models. For instance, GL67A
was selected using healthy sheep, and therefore without taking the mucus into account 24, Moreover, animal models



currently used for gene transfection studies are not totally satisfactory for CF model systems. For instance, CF mice and
rats do not present spontaneous lung infections as well as mucus production 28, W. K. O'Neal et al. successfully
developed a transgenic mice model with overexpression of the ENaC B-subunit 23, This model has the advantage of
spontaneously exhibiting a CF-like lung disease more similar to human pathology with airways inflammation, bacterial
infection, mucus dehydration, and obstruction BBl Due to their anatomy, however, larger animal models represent
better models to test inhaled gene therapy because of closer physiological and pathological similarities to human lungs.
CFTR-knockout ferrets can be used as a potential model due to a lung structure close to that of humans. They exhibit
altered chloride transport, leading to mucus hypersecretion and lung infections 2233, CF pigs also represent a potential
model, as they present pulmonary manifestations similar to those found in human CF lung (infection, inflammation, airway
remodeling, and mucus hypersecretion). They have, however, a short life expectancy (some days to few weeks) B435],
Nonetheless, every animal experimentation has to respect the 3R regulation (Reduce, Replace, and Refine). Difficulties in
accessing animal models coupled with 3R restriction lead to the need for a more accurate cellular model. If the models
used in vitro or in vivo are not sufficiently complex and representative of clinical conditions, the results obtained will not be
reproducible during clinical trials. Therefore, it appears to be essential to have a reliable in vitro model close enough to the
pathology studied to test and develop new vectorization strategies for nucleic acids with the ultimate aim of gene therapy.
This review will focus on the use of mucus models and cellular cultures to obtain results closer to the in vivo pulmonary
tracts and to avoid, as far as possible, failures in clinical development. Such models are fundamental to allow the
development of non-viral gene carrier formulations able to overcome cellular and extracellular barriers faced in the
respiratory tract.
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