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Abstract

Cystic Fibrosis (CF) is the most common lethal autosomal inherited disorder
that affects all races and ethnicities in the United States. However, it is mostly
predominant in the Caucasian populace accounting for about 80% of all CF
cases. CF most severe complication can be referred to as pulmonary bron-
chiectasis and infections of the airways, nonetheless, the devastating effects of
the disease have far-reaching consequences beyond lung damage. CF is a he-
terogeneous disease that is caused by mutations in Cystic Fibrosis Trans-
membrane Conductance Regulator (CFTR) gene. The impairment or absence
of this gene can affect multiple organs and systems and is characterized not
only by chronic lung blockage, infections, and inflammation but also by exo-
crine gland dysfunction, intestinal obstruction, liver pathology, elevated sweat
chloride concentration, and in males, infertility due to the congenital bilateral
absence of the vas deferens. To this end, we briefly explore the pathological
effects of CF and how CF mediates the destruction of several critical organs in
the body and some of the gene therapeutical approaches such as gene editing
and viral-based strategies available for the treatment of this multi-organ dis-
ease.
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1. Introduction

Long before the disease cystic fibrosis came to the frontiers of Western medi-
cine, a popular folktale existed from Northern Europe, in ballads and children’s

songs in Switzerland in which the disease predominates leading to the deaths of
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many children. It tells of a malediction, in which a child that tasted salty upon a
brow’s kiss was bewitched cursed and fated to die. This folktale delineates a cru-
cial symptom of cystic fibrosis, which is salty sweaty glands unknown at that
time.

The pathological analysis of an eleven-year-old girl purported to be bewitched
by Pieter Pauw in 1595 might be the first noted record of cystic fibrosis. His
findings represent an accurate description of the pancreatic lesions and abscesses
that might be caused by cystic fibrosis [1]. Additional pancreatic abnormalities
were also recorded by Gerardus Blasius in 1677 [2]. Perhaps, the first medical
autopsy report that represents the extensive and devastating effects of what
could be cystic fibrosis can be attributed to Georg Seger’s examination of a three-
year-old child who suffered from malnutrition, diarrhea, loss of weight, vomit-
ing, high body temperature, and pancreatic cirrhosis [3]. Further reports by Nils
Rosén von Rosenstein in 1740, describe cystic fibrosis symptoms such as swel-
lings of the hands and feet, diarrhea, pancreatic lesions, and malabsorption [4].
Similarly, in 1878, Carl Von Rokitansky described effects such as gastrointestinal
perforations [5]. However, these reports were not able to provide a direct corre-
lation between the pathologies observed and cystic fibrosis until 1938, when
Dorothy Andersen provided a detailed study of the signs and symptoms of a
disease now known as cystic fibrosis [6]. Regardless of the severe histopathology
of cystic fibrosis, it was thought that the disease mainly affected the pancreas and
was not apparent that cystic fibrosis might be a disease that affects several organs
of the body. Several more studies were required to understand the whole picture
of multiorgan pathology and cystic fibrosis. The direct correlation between the
cellular effects of cystic fibrosis, abnormal secretions, which block the excretory
pathways of the exocrine glands might be responsible for the abscesses observed
in the lungs, liver, and pancreas of patients affected by cystic fibrosis was de-
scribed by Martin Bodian in 1952 [4] [7]. Concerted efforts in the 1980s finally
revealed that dysfunction of the epithelial tissue was a hallmark of all tissues af-
fected by cystic fibrosis and that the inability of the epithelial tissue to absorb
chloride is responsible for salty sweats observed in patients suffering from cystic
fibrosis [4] [8] [9].

2. Cystic Fibrosis Transmembrane Regulator Protein (CFTR)
Mutations

Cystic Fibrosis is an autosomal recessive genetic disorder caused by over 1000
mutations in the cystic fibrosis transmembrane regulator protein (CFTR) [10], a
member of the ATP-binding cassette (ABC) transporter superfamily, which
couples the hydrolysis of ATP to the transport of molecules and ions across cel-
lular membrane [11]. These mutations can be classified into subtypes based on
their effects on the CFTR protein, and they affect not only the protein function,
and activity but also translocation and protein turnover, regulation, and stability.

The first category of mutations results in the premature termination of the
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CFTR mRNA sequence and the production of either a non-functional copy or a
truncated version of the CFTR protein [12] [13]. The second category of muta-
tions affects the post-translation modification of the CFTR protein, preventing
the proper trafficking and translocation of the CFTR protein into its cellular lo-
cation [12] [13]. The third category of mutations causes reduced CFTR protein
channel activity in response to intracellular signaling, leading to defective pro-
tein regulation [12] [13]. The fourth category of mutations has to do with the
rate of ions flow, and the duration of the CFTR protein channel opening and
conduction [12] [13]. The fifth category of mutations alters the stability of the
CFTR mRNA and in some cases the mature CFTR protein resulting in reduced
levels of functional copies of the CFTR protein [12] [13].

3. Common Cystic Fibrosis Mutations

The most common cystic fibrosis mutation is the F508del affecting about 30% -
80% of the world populace [14] [15]. The prevalence is about 70% in the Cauca-
sian community [15]. The F508del is a mutation that leads to the deletion of a 3
nucleotide base pair, resulting in the loss of an amino acid, phenylalanine (F) at
position 508 [16]. The second most common mutation is the G542X mutation,
in which the first Guanine nucleotide of the glycine codon (GGA) at position
542 in exon 11 is substituted for Thymine. This switch in nucleotide results in a
stop codon with a premature or truncated CFTR protein as its consequence.
This mutation type accounts for about 2.4% of the world’s cystic fibrosis cases
[17]. Other common mutation types such as the G551D, N1303K, and R553X
are the result of a missense mutation, in which a nucleotide switch causes the
incorporation of a wrong amino acid [18]. These mutations could give rise to
either a truncated, or misfolded CFTR protein and, in certain cases, could give
rise low abundance of the CFTR protein or alteration in the CFTR protein con-
formation. These ultimately result in either the absence or dysfunction of the
CFTR channel.

4. Cystic Fibrosis—A Multi-Organ Disease

The mutations in the CFTR gene have far-reaching consequences, with devas-
tating effects on several organs of the body, some of the effects of the dysfunc-

tion/absence of the CFTR gene are described below.

4.1. Cystic Fibrosis—Associated Liver Damage

The damage caused to the liver by cystic fibrosis is the third leading source of
cystic fibrosis-associated mortality [19]. The mechanisms by which Cystic Fibro-
sis mediates liver damage are not fully understood. However, central to cystic fi-
brosis liver damage is the bile duct’s defective CFTR protein function and cho-
langiocyte cytotoxicity [20]. In the liver, the cystic fibrosis transmembrane regu-
lator protein is expressed in the epithelial cells that line the bile ducts such as the

cholangiocytes and the gallbladder. In cystic fibrosis, the CFTR protein function
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of regulating fluid such as water and electrolytes such as chloride and bicarbo-
nate is altered in the bile ducts resulting in increased bile viscosity, flow, and bile
salt accumulation [20]. Furthermore, abnormalities in the major macromolecu-
lar components of mucus, the mucin glycoproteins could also be a contributing
factor to bile viscosity [21]. The retention of endogenous bile acids and the ex-
cretion of drug compounds and molecules that might be cytotoxic coupled with
the pathogenic insults might all play key roles in the damage caused to the epi-
thelial cells of the bile ducts [22]. Liver fibrosis and cirrhosis are the long-term
implications of cystic fibrosis-mediated liver damage [22]. Complications arising
from liver damage such as portal hypertension, malnutrition, and liver function

failure also impair the quality of life of patients living with cystic fibrosis [23].

4.2. Cystic Fibrosis—Associated Pancreatic Damage

Pancreatic obstruction and insufficiency is a major hallmark of cystic fibrosis
and it is correlated with all cystic fibrosis mutations and phenotypes [24]. The
damage caused by cystic fibrosis to the pancreatic organs happens at the very
onset of life, and progresses throughout life until the total destruction of the
pancreatic glands [25]. Proteins synthesized in the pancreas such as the immune
reactive trypsinogen (IRT), are released into the bloodstream right from birth
and for a few months thereafter [26]. These excreted proteins such as the IRT
served as biomarkers for the diagnosis of cystic fibrosis in neonates [26]. The
destruction of the pancreas in infants takes place without any clinical symptoms
[26]. How this complete devastation of the exocrine pancreas takes place is not
completely understood [26]. Regardless, the damage caused to the pancreatic
glands ultimately leads to the elimination of acini, mucus- and calcium-containing
debris obstructing ducts, severe inflammation, and broad fibrosis [26].

CFTR is expressed mainly in the apical epithelial membranes of the small
pancreatic duct. Its role is to facilitate the transportation of fluid and electrolytes
such as chloride and bicarbonate. The main functions of pancreatic ductal epi-
thelial cells are chloride uptake and bicarbonate secretion. The dysfunction of
the CFTR results in decreased ductal chloride uptake, and a reduction in bicar-
bonate secretion, eventually leading to the decline of these anions and water in
the pancreatic fluid [27]. The thickening of protein-rich acinar cell secretions
leads to blockage of the proximal ducts, resulting in secondary acinar cell dam-
age, fibrosis, and exocrine pancreatic insufficiency [27]. In addition, the bicar-
bonate secreted by pancreatic ductal epithelial cells serves as a neutralization
buffer for the gastric acid of the stomach and provides an optimal pH for the
proper functioning of the digestive enzymes [28] [29]. These processes are im-
paired in cystic fibrosis.

In addition, defects in the CFTR channel also lead to the destruction of the
pancreatic islet cells, resulting in decreased insulin production and a predisposi-
tion to diabetes [30]. The exact mechanisms by which CFTR mediates the insu-

lin-producing cell islets of the pancreas are not exactly understood, however,

DOI: 10.4236/jbm.2024.125024

315 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2024.125024

0. Babatunde et al.

cystic fibrosis-mediated diabetes shares some characteristics of prevalent type 1
and type 2 diabetes subtypes [31].

4.3. Cystic Fibrosis-Related Congenital Bilateral Absence of the
Vas Deferens

Congenital bilateral absence of the vas deferens (CBAVD) is a form of subfertil-
ity that results from the absence, defect, or obstruction of the vas deferens, a tube
whose function is to transport spermatozoa from the epididymis to the ejacula-
tion ducts. It is responsible for about 2% of infertility cases in males [32].
CBAVD is clinically diagnosed by the presence of spermatozoa in the testicles,
levels of the follicle-stimulating hormone, the evaluation of semen content such
as acidity, low or undetectable levels of enzymes and molecules such as—gluco-
sidase, fructose, and carnitine levels, and the absence of spermatozoa in the se-
men [33]. CBAVD can be caused by a few factors such as congenital genitouri-
nary malformations [34] but mainly by genetic mutations [35] [36]. Genetic al-
teration in the CFTR gene is the main cause of CBAVD and is referred to as cys-
tic fibrosis-related congenital bilateral absence of the vas deferens CF-CBAVD
[37] [38]. This defect occurs in more than 85% of male patients suffering from
cystic fibrosis. The etiology of CF-CBAVD is not fully understood, but the pres-
ence of rare and different mutations in the CFTR gene differentiates CF-BAVD
from typical CF [33] suggesting the role of CFTR dysfunction in CF-CBAVD.

Similar to cystic fibrosis-mediated pancreatic damage, the deterioration of the
vas deferens takes place very early in developmental life [39] [40]. The mutations
in the CFTR gene, impair the function of the CFTR channel which moves chlo-
ride ions from the inside of the cells to the outside. Consequently, the inability of
trapped chloride ions prevents the osmotic movement of water into mucus caus-
ing cells in the male genital tract to produce mucus that is abnormally viscous
and sticky, leading to the clogging and subsequent deterioration of the vas defe-
rens before birth [33].

4.4. Cystic Fibrosis—Mediated Intestinal Obstruction

Cystic fibrosis-mediated damage to the intestines cannot be invariably unlinked
from cystic fibrosis-associated pancreatic insufficiency. The pancreas supplies
the gastrointestinal tract (GI) with bicarbonate-rich pancreatic fluids, which
serve as a neutralizing buffer, for digestive enzymes such as gastric acid, and the
hydration of intestinal components [41] [42]. Pancreatic insufficiency and the
dysfunction of the crypts and villi-rich CFTRs eventually result in reduced en-
zymatic activity of digestive enzymes and contribute to the maldigestion of the
GI tract.

The dysfunction of the CFTR affects the GI tract, in more than one way. An
adverse effect of CFTR impairment is the obstruction of the intestines, the dy-
sregulation of chloride ions leads to the thickening and build-up of mucus,

eventually resulting in the obstruction of the proximal large intestine or the ter-
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minal ileum [43]. This blockage is one of the earliest symptoms of CF, and hap-
pens in infants, right from birth. It is called meconium ileus (MI), in neonates,
in which the infant’s first stool, meconium, (feces) blocks the ileum of the first
intestine [43]. Blockage can also happen in adult patients affected by CF, in this
case, it is called distal intestinal obstructive syndrome in which viscous fecal
materials obstruct the terminal ileum, cecum, or ascending colon, it is often a
recurrent episode and happens in 10% - 15% of adult CF patients [44]. Un-
treated obstruction of the GI tract ultimately could result in rupture and sepsis.

The other effect of mucus viscosity and build-up of CFTR dysfunction in the
GI is the creation of niches for the abnormal colonization of the intestines by
opportunistic bacteria [45]. The microbial environment of the cecum and colon,
home to a wide variety of microorganisms that aid digestion is altered by the
presence of these opportunistic pathogens altering the gut microflora diversity,
location, and density [43] [45]. The inability of mechanisms such as gastric acid,
antibacterial proteins, and intestinal fluids, to neutralize small intestinal over-
growth, and the colonization of the small intestine owing to the failure of intes-
tinal motility to move thickened mucus-bacteria complex towards the large in-
testine all contribute to malnutrition, diarrhea, abdominal distension and weight
loss [43] [46].

4.5. Cystic Fibrosis—Associated Lung Damage

Cystic fibrosis-mediated lung damage accounts for most of CF-related mortality.
The changes in the airway interface are heavily linked to chronic and persistent
infection of the lung leading to bronchitis and inflammation.

Central to the lung defense against pathogens are airway surfaces. The airway
surfaces are covered by a thin film of airway surface liquid (ASL) consisting of a
mucus gel and a periciliary sol (PCL). Mucociliary clearance aided by the beating
actions of the cilia, together with mechanical actions such as cough and sneezing
help clean the airways of contaminants, viral and bacterial pathogens.

There are two main hypotheses about CF-mediated lung pathogenesis. The
first hypothesis, the high salt proposition focused on how elevated salt contents
of the airway cells inhibit the innate defenses of the airway surface liquids. In this
hypothesis, the dysfunction of the CFTR due to the loss of chloride conductance,
results in the inability of the airways to reabsorb sodium chloride in the presence
of excess water. The high salt content of ASL in CF patients impairs the innate
bactericidal activities of the ASL such as lysozyme and lactoferrin [47] [48].

The second proposition is the low-volume hypothesis, which can also be re-
ferred to as the thick mucus hypothesis, focuses on the role of the failure of the
CFTR protein in regulating the ENaC transporter in CF [49]. The ENaC trans-
porter becomes hyperactivated in CF, leading to increased absorption of chloride
and water from the ASL and a decline in the PCL component of the airways [8]
[50]. The low liquid content of ASL in CF results in mucus dehydration and

hyperconcentration. The thickened mucus impairs the beating ability of cilia of
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the airways compromising mucociliary clearance, promoting infection [49] [51].
Another hypothesis worth exploring relates to the acidic environment of the
ASL in CF. The CFTR is responsible for bicarbonate secretion, this function is
defective in CF, bicarbonate serves as a buffer, neutralizing the acidic environ-
ment of the ASL thereby providing an optimal condition for the proper enzy-
matic activities of the antimicrobial peptides of the ASL [52] [53]. In fact, the
inability of antimicrobial agents such as—defensin-3 and LL-37 to neutralize the
effect of two of the most persistent opportunistic pathogens of the lungs, Sta-
phylococcus aureus and Pseudomonas aeruginosa can be attributed to the low
pH level of the ASL in CF in patients [54].

5. Gene Therapy Approaches for Cystic Fibrosis

The discovery of drugs that can modulate CFTRs and rectify the functioning of
the defective protein have had positive impact on the life expectancy, quality of
life, and given hope to many CF patients. Nonetheless, about 10% of patients are
unresponsive to CFTR modulators because CFTR is not synthesized at all or is
only synthesized in low quantities [55]. In addition, clinical trials (CT) show that
10% - 20% of CF patients have individual intolerance to modulator drugs [56].
In view of that, new approaches to CF management are being developed, and in
this review, emphasis will be placed on the use of gene therapy methods to de-
liver nucleic acids to the affected cells to address the primary cause of the pa-
thology and, through that, mitigate the course of the disease. A key strategy in
CF gene therapy is to ensure that the CFTR gene is delivered to the airway epi-
thelial cells because lungs are the main target of the gene therapy, since 90% -
95% of deaths from the disease are due to severe pulmonary lesions.

Herein, it is imperative that the delivery method should take into account the
significantly reduced efficacy of aerosol administration due to the thick secretion
in the bronchioles since the vector should not only ensure the effective expres-
sion of the functional CFTR protein but should also penetrate submucosal glan-
dular cells and the superficial mucosal epithelium covered by the thick secretion
[56]. It should also be noted that the airway epithelium is continuously renewed
hence there is a need for repeated delivery of the target gene, and this factor re-
stricts the use of viral vector systems, because the repeated administration often
triggers an immune response resulting in vector elimination. In addition, the
lack of adequate in vivo models for testing the efficacy of new vectors also hind-
ers the progress in the research. Therefore, despite the initial enthusiasm, there
is still no FDA approved gene therapy for CF [57]. However, with further ad-
vances in vector development and better understanding of various vector types

there is a chance to come up with a more effective gene therapy for CF [58].

5.1. Adenoviral (Ad) Vectors as Gene Delivery Agent

Following the discovery of the first-generation Ad vectors, two CTs have been

completed however, despite the efficacy of the approach in cell models and in
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vivo, the CT results raised concerns about the safety of the vectors for humans.
Congenital and cellular immunity hindered the long-term effect of Ad-based
vectors, observations showed increased alveolar inflammation, accompanied by
an increase in serotype-specific neutralizing antibodies, which rendered the re-
peated administration of viral particles ineffective [59]. In subsequent design, the
gene was delivered using an improved Ad vector in the form of a helper-depen-
dent adenovirus (HD-Ad) without viral genes, which made it possible to annul
the T cell response to the viral protein that was a feature of the first-generation
Ad vectors. Nevertheless, the adaptive immune response of CD8+ T cells with
HD-Ad epitope presentation by dendritic cells remained present [60]. HD-Ad
was used in the lungs in combination with lysophosphatidylcholine (LPC) with
the intention to destroy the thick secretion layer and ensure better access to the
basolateral cell surface for infection. This strategy resulted in lengthier gene ex-
pression in vivo compared to the first-generation Ad and demonstrated effective

gene delivery to the airways in mice, pigs, and ferrets [58] [59].

5.2. CRISPR/Cas9 Gene Editing

Gene editing works by repairing the dysfunctional gene at the DNA level,
CRISPR/Cas-9 based genome editing is a recent discovery with the potential to
correct gene defect associated with cystic fibrosis [61].

Following the discovery of a natural nuclease called Cas9, accurate DNA edit-
ing is now possible. This feat is feasible because Cas9 is able to form a complex
with a guide RNA (gRNA) that is specific to the target DNA, localising to the
targeted DNA sequence, and then introducing a doubled-strand break (DSB) at
the targeted site. The introduction of DSB then forces the DNA DSB repair me-
chanism known as non-homologous end-joining and homology-directed repair
[62]. Donor DNA can then be provided, and this is used to repair the DSB, re-
sulting in transgenic DNA [63]. Designing and testing gRNA has been met with
high success rates and with this technology it is possible to edit the human ge-
nome for the treatment of cystic fibrosis [64]. A recent tool in CRISPR technol-
ogy has been the development of Cpfl, also known as Cas12a. Relative to Cas9,
Cpfl gRNA is shorter and requires only one single gRNA molecule as opposed
to Cas9 that requires two gRNAs [65]. This makes it easier to synthesize gRNA
in vitro and package it into vectors. Cpfl also cuts DNA to leave “sticky ends”
which allows DNA insertion to be more controllable and easier to work with,
while Cas9 which leaves “blunt” ends [66]. This technology has shown great suc-
cess in other genetic conditions such as Duchenne muscular dystrophy, in fact,
in a particular study conducted by Zhang et al, they were able to successfully
correct a faulty gene in both mouse models and cells derived from affected pa-
tients [66]. Maule et al also provided proof of concept for the use of Casl2a in
editing CFTR mutations. A minigene model was used to demonstrate that
Casl2a could be utilised to effectively repair two mutations in the CFTR gene

that result in splicing defects. Primary airway epithelial cells were also used to
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validate the efficacy of Casl2a as delivered by a lentiviral vector [67]. Inhaled de-
liveries are viewed as a suitable strategy of delivering these vectors because intra-
venous administration only get the vectors to the alveoli, an area devoted for gas
exchange, and not the surface epithelium of the bronchial tree, where the CFTR

protein is more frequently expressed [67].

5.3. Adeno-Associated Viral (AAV) Vectors as Gene Delivery Agent

AAYV has emerged as one of the safest and most commonly used vectors for the
delivery of therapeutic genes [68]. AAV belongs to the Parvoviridae family in the
Dependovirus genus, which depend on the coinfection of a helper virus (adeno-
virus or HSV) for replication in host cells [69]. In the absence of a helper virus,
AAV may stably integrate but at relatively low frequency into the host gene cell
and remain inactive [70]. Following the failure of the first-generation Ad vec-
tors, Scientist began the search for alternative approaches in gene delivery to
target cells. The reports from the CTs using the AAV2 vector to deliver the CFTR
gene showed that introduction of the vector into the lungs of CF patients did not
cause significant side-effects, but the efficacy was disappointing, since none of
the CTs demonstrated significant CFTR expression or correction of pathological
CF manifestations [55]. This failure can be attributed to the following reasons;
insufficient efficacy of gene insertion due to the inability of viral particles to pe-
netrate the thick secretion layer in the airways, insufficient promoter strength in
the expression cassette, or immune response of the host to the introduction of
the viral vector [71].

Hence, recent efforts are being directed towards improvement of the tropism
of AAV vectors, identification of new serotypes, new promoters, new methods to
enhance the expression of the target protein and its persistence in the lungs, as
well as new approaches to immunogenicity reduction. At the same time, new in
vivo models, including pigs [72] and mice [73], were being developed, which,
along with the conventional in vitro tests in human epithelial cells, would make
it possible to carry out more effective preclinical trials for the CF gene therapy.

Pharmaceutical companies are currently involved in the development of
AAV-based CF gene therapy. According to Abeona Therapeutics [74], preclini-
cal trials of ABO401, a new-generation capsid AAV204 developed by the com-
pany and carrying a functional copy of the human mini-CFTR gene, show that
the product effectively restores the main phenotypic attribute of CF, i.e., chlorine
channel functioning, in in vitro and in vivo models. In addition, AAV204 more
specifically targets pulmonary cells and also transduces bronchial and nasal epi-
thelial cells in CF patients (CFTR expression rate 3-5 times higher compared to
the AAV6 vector). In addition, Spiro-2101 by Spirovant Sciences, designed for
CF therapy was certified by the FDA as an orphan drug in 2020, which allowed
the company to accelerate its clinical trials and take the drug to the market. Spi-
ro-2101 also includes a new AAV capsid with improved tropism for airway epi-
thelial cells for the delivery of a functional copy of the CFTR gene [55].
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5.4. Lentiviral Vectors as Gene Delivery Agent

Lentiviral vectors are among the most intensely studied vectors utilized for vi-
rus-mediated gene transfer. Several studies have established the foundation of
exploiting lentiviral vectors as vehicles for efficient gene delivery into broad
range of tissues and organs. The ability to infect nondividing cells and shuttle
large genetic payloads, and maintenance of stable, long-term transgene expres-
sion are attributes that have brought lentiviral vectors to the forefront of gene
therapy [70]. Thus lentiviral vectors can serve as a platform for the introduction
of a functional copy of the CFTR gene.

Other beneficial aspects include low immunogenicity, ability to infect various
cell types and integrate consistently into the genome to ensure long-term ex-
pression and preservation of the gene in cell division. Current approaches to CF
therapy using lentiviral vectors are currently undergoing preclinical trials, but
recent advances in the application of improved lentiviral vectors in various CTs
have shown that they are safe to use in CF therapy [75].

Studies into the primary epithelial cultures of CF patients and animal models
have shown the long-term phenotype correction and low immunogenicity car-
ried by lentiviral vectors. In a particular study, complete restoration of CFTR
channel functioning in the airways of pigs after transduction with the feline
immunodeficiency virus (FIV) pseudotyped with the GP64 protein was demon-
strated. A significant increase in chloride ion transepithelial transport and nor-
malization of the pH of the tracheal surface fluid and its bactericide properties
were observed two weeks after FIV-CFTR aerosol administration into the nose
and lungs [76]. Also, in 2017, Alton and his group analyzed the results of several
preclinical trials to select the most promising vector type for initiation and plan-
ning of first CT using lentiviral transfer of the CFTR gene. The lead candidate
was the lentivirus vector rSIV.F/HN since it ensured the expression of functional
CFTR with efficacy of about 90% - 100% in this clinical study. Data obtained
from that study supported the idea of using this vector in the first CT in CF pa-
tients [77]. Nonetheless, the CT is yet to be kick started probably due to addi-
tional preclinical trials and proof of concept on the efficiency as a therapeutic
modality for CF.

5.5. mRNA Therapy

mRNA therapy involves the delivery of a new correct copy of CFTR mRNA to
cells which subsequently give rise to healthy CFTR protein. mRNA therapy
could potentially work for any person with cystic fibrosis regardless of the nature
of CFTR mutations. The goal of mRNA therapy is to deliver CFTR mRNA to
CFTR involved in the expression of epithelial cells however, due to the unstable
nature of mRNA, mRNA derived therapeutics are usually formulated within a
protective lipid nanoparticle [78]. One mRNA therapy currently being used for
the treatment of cystic fibrosis is MRT5005, MRT5005 is a biosynthetic, co-
don-optimized mRNA (CO-hCFTR) encoding for the CFTR, which is delivered
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by nebulization as an LNP-formulated aerosol [79]. MRT5005 is designed to
have a 5’ cap and a polyA tail to increase translation efficacy and prevent mRNA
degradation. To mimic endogenous mRNA, the bases are left unmodified, and it
is unclear whether additional modifications could further improve the potency
of this drug [80]. In vitro and in vivo experiments in healthy rodents and non-
human primates indicated expression of CFTR, as measured by western blot and
immunohistochemical detection of CFTR in the proximal and distal airways af-
ter treatment with inhaled MRT5005 [79]. Pre-clinical studies of MRT5005 con-
ducted in vitro using Fischer rat thyroid gland cells grown under polarizing
conditions using chamber experiments reviewed functional restoration of CFTR
activity following MRT5005 treatment and to levels that indicated the potential
for bioactivity in humans. However, similar results could not be reproduced in
primary human bronchial epithelial cells derived from cystic fibrosis patients. A
discovery later thought to be related to the challenge of achieving substantial
CFTR activity in terminally differentiated airway cells with non-viral transfec-
tion as at when this study was done [79] [80]. MRT5005 is the first clinical stage
mRNA product candidate developed to treat all patients regardless of their un-
derlying genetic mutation, including those with limited or no CFTR protein.
One Phase I/II interim data of the first single ascending dose phase published
showed eleven out of twelve participants who had at least one copy of F508del
mutation, split into four groups receiving different dosages (8, 16, and 24 mg)
with one group receiving a placebo. Following the eight-day period after dosing,
the placebo group and 8 mg dose group showed no marked improvement in
ppFEV1. In the 16 mg dose group, the mean maximum increase from baseline
was 15.7%, with two participants in this group on a CFTR modulator during this
period. In the 24 mg dose group, one patient experienced a maximum ppFEV1
increase of 21.4%, whilst two patients did not show any significant increase from
their baseline [81] [82]. An advantage of mRNA therapy is that it does not alter
the patient’s DNA or CFTR mutations. Unlike gene editing alternatives whereby
a normal copy of a defective gene is introduced into an individual's cells, there is
no risk of disrupting patient’s genome with this strategy however, mRNAs are
naturally broken down quickly inside cells, so the effects of the mRNA therapy
might last only for a short time, such as one or two weeks. This would mean that
the treatment would likely need to be re-dosed regularly for it to continue to
work.

To overcome this challenge, researchers have learned that chemical modifica-
tions made to RNA drugs can impact their potency and safe usage. Chemical
modifications can improve the potency of RNA drugs mostly by relaxing im-
mune response; enhancing drug stability and durability, as well as altering the
affinity with which the RNA drugs bind other nucleic acids and proteins [83].
Chemical modifications made to mRNA drugs are often made at positions in the
mRNA that are naturally modified in endogenous eukaryotic mRNAs [84]. For

example, endogenous mRNAs are modified in human cells to include a 5’ cap;
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mRNA drugs are also modified at the 5" end. These 5 cap modifications have
been used to decrease activation of innate immunity [85]. Endogenous mRNAs
are also modified with a poly-A tail, which decreases exonuclease activity, and
Scientists have developed a method, known as TAIL-Seq, to study how poly-A
tails impacts mRNA stability. Researchers have used RNA sequencing to under-
stand the distribution of poly-A tail lengths in common cell lines (HeLa and
NIH 3T3). They also correlated the poly-A tail lengths to mRNA half-life and
observed that longer tail lengths were correlated with an increased half-life,
however not necessarily improved translation and other several studies have
shown that mRNA can be modified to increase its stability and reduce immune
recognition, but mRNA half-lives are still considered to be on the order of hours,
not days. Hence, repeat administration of CFTR mRNA will be necessary to

achieve considerable protein production in diseased patients [80].

6. Conclusion

Cystic Fibrosis is an autosomal recessive disorder characterized by classes of
mutations in the CFTR channel, the dysfunction or absence of which leads to
several pathological events and damage to multi-organs in the body, leading to
malfunction of these organ systems and predisposition to other diseases such as
diabetes and bacteria infections. Several gene therapies for the cure of cystic fi-
brosis hinge on either the delivery of a functional copy of the CFTR gene or the
repair of the CFTR gene using gene editing tools such as CRISPR-Cas9. These
approaches serve to improve the quality of lives and health of patients affected

by cystic fibrosis.
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