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Abstract

Cystic fibrosis (CF) is a multiorgan recessive genetic disease caused by mutations in the cystic fibrosis transmembrane
conductance regulator (CFTR) gene. Gene therapy efforts have focused on treating the lung, since it manifests the most
significant life-threatening disease. Over two decades have past since the first CF lung gene therapy trials and significant
advances in the therapeutic implementation of pharmacologic CFTR modulators have renewed the field’s focus on
developing gene therapies for the 10% of CF patients these modulators cannot help. This review summarizes recent progress
made in developing vectors for airway transduction and CF animal models required for understanding the relevant cellular
targets in the lung and testing the efficacy of gene therapy approaches. We also highlight future opportunities in emerging
gene editing strategies that may offer advantages for treating diseases like CF where the gene target is highly regulated at
the cellular level. The outcomes of CF lung gene therapy trials will likely inform productive paths toward gene therapy for
other complex genetic disorders, while also advancing treatments for all CF patients.

Introduction
Cystic fibrosis (CF) is an autosomal recessive disease that affects
over 70 000 people in the United States and Europe. CF is caused
by mutations in the cystic fibrosis transmembrane conductance
regulator (CFTR) gene (1), which encodes a chloride and bicar-
bonate channel expressed in epithelial cells of the many organs
affected in this disease. Nearly 2000 distinct CFTR variants have
been identified; however, further research is needed to under-
stand whether many of these cause disease (http://www.genet.
sickkids.on.ca/app). CFTR plays an important role in conducting
anions across epithelia to regulate secretory volume, pH, and
mucus viscosity of liquid secretions (2,3). CFTR also interacts
with other ion channels, such as epithelial sodium channel
(ENaC), to regulate fluid movement across epithelia (4,5), and

thus can have cell-intrinsic functions based on the composition
of other channels coexpressed with CFTR (6). Lung disease is
the primary cause morbidity and mortality of CF where the loss
of CFTR-mediated chloride and bicarbonate transport leads to
progressive chronic bacterial infection and inflammation (7).

The discovery of CFTR modulators that target gating and
trafficking and conductance defects of the mutant CFTR protein
have shown tremendous promise for the majority of CF patients
(8–10). However, approximately 10% of CF patients are refractory
to CFTR modulators because they either produce no or too little
CFTR protein due to nonsense and splicing mutations or because
they cannot tolerate the modulator therapies. Thus, gene ther-
apy remains an attractive approach for these patients because
it is mutation agnostic. Since CFTR modulators are a systemic
therapy for all diseased organs, gene therapy in CF patients with
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efficacious CFTR modulator options will likely not occur until
the field advances its ability to genetically treat multiple affected
organs in CF (i.e. lung, pancreas, and intestine). For these reasons,
current gene therapy development efforts target life-threatening
lung disease in a subset of CF patients with no therapeutic
options.

In vivo gene therapy has shown promise in treating cer-
tain genetics disorders, with the most notable success in treat-
ing blindness caused by a defect in the RPE65 gene (11,12). By
contrast, gene therapy for CF lung disease has had a more
protracted journey with the first clinical trials initiated in the
early 1990s shortly after the cloning of the CFTR gene (13–19).
Subsequently, 27 clinical gene therapy trials involving ∼600 CF
patients have yet to achieve their desired outcomes. The largest
of these was a Phase IIb multiple-dose trial completed by the
UK Cystic Fibrosis Gene Therapy Consortium (UK CFGTC) in
2015. This trial of liposome-mediated delivery of a CFTR expres-
sion plasmid administered on a monthly basis over the course
of a year demonstrated for the first time that gene therapy
could provide a modest stabilization in the rate of decline of
lung function in CF patients. However, the approach was not
sufficient to improve the lung disease (20). For the first two
decades following cloning of the CFTR gene, the field of CF
gene therapy has worked to identify efficient vector systems
for delivery to the lung. Additionally, the lack of suitable CF
animal models to test efficacy of new vector systems had hand-
icapped the field. Enhanced technologies for engineering new
viral vector systems, increased understanding of the virology
of these vector systems, and improved larger animal models
of CF have led to a resurgence in gene therapy efforts for CF
over the past decade. In this review, we focus on recent progress
in the field that is anticipated to advance the CF gene therapy
efforts.

Viral vectors for airway transduction
The conducting airways are considered the primary target for
gene therapy of CF lung disease. As an organ exposed to the
external environment, the lung has evolved considerable innate
defense mechanisms that protect the airways from infections
and these mechanisms also create barriers to gene transfer
agents. In the CF airway, these barriers are enhanced due to
the increased mucus within the airways. While non-viral vec-
tors have the advantage of being less immunogenic than viral
vectors, viral vectors have historically been more efficient at
gene delivery to the airway than non-viral vectors. However, the
failure of previous CF lung trials using recombinant adenovirus
(rAd) and adeno-associated virus (rAAV2) vectors has empha-
sized the need for an appropriate understanding of the biology
of viral transduction of the airway from the apical surface and
the appropriate models in which to test them. This review will
limit discussion to viral gene transfer vectors that show promise
as therapeutic tools for CF lung disease.

Lentiviral vectors

This class of vectors offers the advantage of integration. If cells
with progenitor capacity are transduced, the therapeutic gene
will be expressed in daughter cells (21). While self-inactivating
lentiviral vectors have been widely used for ex vivo gene ther-
apy of hematopoetic disorders such as adenosine deaminase
and X-linked severe combined immunodeficiency, there are rel-
atively few examples of in vivo use. One recent example is
ProSavin, a lentiviral vector-based gene therapy for Parkinson’s

disease, which delivers three dopamine biosynthetic enzymes
to convert the transduced non-dopaminergic striatal neurons
into dopamine-producing cells in brain (22). Lentiviruses, such
as of human, simian and feline immunodeficiency virus (FIV), as
well as equine infectious anemia virus, do not naturally infect
the airways. However, advancements in pseudotyping lentiviral
envelope proteins to adopt broad tissue tropism or specific
tropisms for the airway epithelium have created vectors with
significantly improved transduction from the apical surface of
differentiated human airway epithelia grown at an air-liquid
interface (HAE-ALI) and the airways of experimental animals in
vivo. Sinn et al. (23) screened a wide variety of envelope proteins
and found that the glycoprotein GP64 of baculovirus (24) con-
ferred apical entry of a FIV vector into HAE-ALI and a broad
tropism in transducing mouse, ferret, and porcine airways in
vivo (25–27). Recently, directed evolution of a library of GP64
envelope mutants through repetitive infections in HAE-ALI led
to the identification of a novel GP64 variant (E45K/T259A), which
demonstrated 8-fold greater efficiency than that of the wild-type
GP64 (28).

The UK CFGTC had assessed the transduction efficiency
of a lentiviral vector pseudotyped with F and HN (fusion and
hemagglutinin-neuraminidase) proteins from Sendai virus (29),
in HAE-ALI in vitro and mouse lung in vivo. They demonstrated
such a vector could produce persistent reporter expression in the
lung and nose of mice. Transgene expression from this lentiviral
transduction was 100-fold higher than that from the optimal
formulation of plasmid/liposome that was used in their clinical
trial (30). Currently, the Consortium is pursuing a phase I/IIa
lentiviral vector CF gene therapy trial, using the nasal epithelium
as a surrogate organ to allow easy monitoring of safety and gene
expression. The vector rSIV.F/HN-hCEF-CFTR uses a chimeric
promoter of CpG-free CMV enhancer and human EF1α promoter
to drive a codon-optimized and CpG depleted CFTR cDNA
(31,32). Also of note, following lentiviral transduction, transgene
expression persists for the life of the animal in mice (23,30,33).
Lentiviral vectors have also been successfully readministered
to respiratory epithelia in mice without eliciting a blocking
immune response (30,34,35).

Helper-dependent adenovirus and piggyBac/Adenovirus
vectors

Recombinant adenoviral vectors were the first used for CFTR
delivery in the earliest attempts of CF gene therapy. Although
those clinical trials demonstrated partial correction of the Cl−
transport defect in CF nasal epithelium by transepithelial poten-
tial difference (13,36), the effect was only observed when the
nasal epithelium was damaged during delivery. Subsequently, it
was found that the coxsackie-adenovirus receptor (CAR) local-
izes to the basolateral membrane of the human airway epithe-
lium (37), explaining these clinical trial findings. Furthermore,
intrapulmonary delivery of a first-generation recombinant ade-
novirus vector was found to promote an immune response that
limited transgene persistence (38) and at high doses caused
a transient systemic and pulmonary syndrome that may have
involved an innate immune response (17).

An improved rAd vector platform includes helper-dependent
adenovirus (HD-Ad) for which all viral encoded genes are
removed. Thus, T-cell responses to cryptic viral protein
expression observed in first-generation rAd vectors are obviated
in HD-Ad. However, the large capsid of Ad still induces adaptive
immune response by CD8+ T-cells through the presentation of
HD-Ad-derived epitopes by dendritic cells (39). The applications
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Fig. 1. Utilizing CFTRG551D ferrets for testing gene therapies to the CF lung. CFTRG551D/G551D ferrets are protected from lung disease while treated with VX-770. Following

termination of VX-770, these CF animals develop mucus accumulation in the airways and submucosal glands and eventually develop lethal bacterial infections of the

lung (58). Testing gene therapies in this model can utilize two approaches. Prophylactic gene therapies administered to the lungs of CF ferrets prior to cessation of VX-

770 can be used to test whether the gene therapy approach prevents the development of lung disease. This approach circumvents a potential barrier (thick mucus) in the

CF airway that may impede gene transfer to the airways and addresses whether the gene therapy approach would be successful in a pristine airway. The more clinically

relevant use of this CF ferret model is to ask whether the gene therapy approach can reverse lung disease. In this approach, VX-770 treatment would be terminated

prior to gene delivery to the lung. In this scenario, varying extents of lung disease and mucus accumulation could be controlled by the time animals are removed

from VX-770 to understand components of disease that are reversible and irreversible. Irreversible components might include structural changes to the lung such as

bronchiectasis and bacteria that have adapted to the damaged lung. Comparing the efficacy of both approaches to either prevent or reverse CF lung disease will inform

disease specific barriers to gene delivery to the airways and therapeutic obstacles to the approaches tested. Histology panels were reformatted from Supplementary

Figure 4 (panels N, P, F and G) in Ref. (58). In utero and postnatal VX-770 administration rescues multiorgan disease in a ferret model of cystic fibrosis, Sci. Transl. Med.,

11, eaau7531 (Reprinted with permission from AAAS).

of HD-Ad to the lung have used a lysophosphatidylcholine (LPC)
formulation to disrupt tight junctions and facilitate access to
CAR at the basolateral cell surface required for infection. This
strategy has achieved much longer transgene expression in vivo
than first-generation rAd and demonstrates highly efficient
gene transfer to the airways of mouse, pig, and ferrets (27,40).

The TTAA-specific DNA transposon piggyBac can promote
persistent gene transfer via a “cut and paste” transposition
mechanism without leaving a footprint. Incorporation of the
transposase-mediated integration approach into recombi-
nant adenovirus has led to the development of the hybrid
piggyBac/Adenovirus vector. Cooney et al. (41) demonstrated
efficient lung-directed transgene expression in pigs using
piggyBac/Adenovirus transduction. Notably, HD-Ad formulated
with LPC efficiently transduces basal cells in the mouse and pig
airways (40). Given that basal cells in the airways are multipotent
and self-renewing, incorporation of a piggyBac transposon into
HD-Ad could be used to permanently insert a CFTR expression
cassette into basal stem cells and thus also correct the gene
defect in their differentiated progeny.

AAV-based vectors

Despite the failure of initial rAAV CF gene therapy clinical trials,
these studies established a favorable safety profile of aerosol
delivery of rAAV2 in the lung (42). These trials failed for several
reasons that are pertinent to developing improved rAAV vector
systems. First, the efficiency of rAAV2 transduction following

apical infection of differentiated airway epithelia was 100-fold
greater in the preclinical model chosen (rhesus monkey) than for
human (43). Second, apical transduction of HAE-ALI with rAAV2
encounters a postentry block in nuclear transport of the virion
that can be overcome using proteasome inhibitors (44). Lastly,
the packaging limits of the rAAV genome necessitated the use of
the AAV2 inverted terminal repeat as a cryptic promoter to drive
expression of the full-length CFTR cDNA, giving rise to extremely
low expression. Although no additional rAAV clinical trials have
been performed since 2005, research developing better AAV-
based vectors for airway transduction has led to significant
advances.

Issues regarding the packaging size of the rAAV2 genome
and its ability to effectively deliver a CFTR expression cassette
were solved by creating a synthetic promoter of 183 bp in length
(45) and a shortened CFTR minigene with a 156-bp deletion
in the regulatory (R) domain (46). Improved viral capsids for
efficient transduction of HAE-ALI from the apical membrane
were also generated by directed evolution from a library of
AAV2 and AAV5 capsids following multiple rounds of infection
in HAE-ALI and generated the AAV2.5T vector (47). Another
novel parvovirus vector with high tropism for the apical sur-
face of HAE-ALI is human bocavirus type 1 (HBoV1). HBoV1 is
a human respiratory virus that naturally infects the human
airways early in life and is a relative of rAAV. Cross genera
packaging of the rAAV2 genome into the HBoV1 capsid has
created the rAAV2/HBoV1 hybrid vector that is highly tropic for
human airway epithelia (48). rAAV2/HBoV1 vectors also have
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an increased packaging capacity of up to 5.8 kb, allowing for
a strong promoter and the full length CFTR cDNA. Packaging
systems for rAAV2/HBoV1 have significantly improved since
the vector was first created (49). rAAV2/HBoV1 demonstrates
apical tropism equivalent to rAAV2/2.5 T in transducing HAE-
ALI. Both rAAV2/2.5 T and rAAV2/HBoV1 can transduce the ferret
lung in vivo (50), enabling the preclinical studies in CF ferret
models.

Animal models for CF gene therapy
Animal models are indispensible when developing gene ther-
apies. For gene therapy of CF lung disease, many questions
can be addressed in animal models. These include identifying
the necessary cellular targets, doses required to complement
CFTR defects, and establishing the efficacy of gene delivery
approaches in the hostile environment of the CF lung. To date,
CF animals have been produced in mouse, rat, rabbit, zebrafish,
ferret, pig, and sheep (51). Characterization of lung disease in CF
rabbits and sheep has lagged behind the other species. While
CFTR-null mice and rats do not acquire spontaneous airway
infection, CFTRKO ferret and pig models recapitulate many fea-
tures of the lung disease phenotype observed in humans with
CF (51–53). However, these models also exhibit severe gastroin-
testinal and pancreatic disease at birth (54,55), which has limited
their broad use in developing gene therapies. Despite these
limitations, CF pigs have been successfully used to demonstrate
efficacy of both lentivirus and rAAV-mediated in vivo CFTR gene
therapy approaches (26,56).

Several approaches have been used to create better pig and
ferret CF models that will better enable their use in testing gene
therapies. For example, the creation of gut-corrected CF pigs has
reduced the incidence of meconium ileus at birth (57). Using
a different strategy, CF ferrets have been engineered to harbor
the CFTR-G551D mutation (CFTRG551D), which is responsive to
the CFTR modulator VX-770 (58). Importantly, delivery of VX-
770 to pregnant jills protects the pancreas and intestine of
CFTRG551D/G551D kits, allowing for normal growth and survival after
birth with continued VX-770. Cessation of VX-770 at any age
reinitiates disease in the pancreas, gut, and lung. Thus, the use of
VX-770 in this model will allow for the testing of gene therapies
that either prevent the emergence lung disease or reverse lung
disease (Fig. 1).

Heterogeneity of CFTR expressing cell types in
lung
Gene therapies for CF lung disease will likely need to navigate
complexities of CFTR biology and function in the lung. CFTR
expression is highly regulated in specific cell types of the lung,
each having its own potentially unique composition of channels
and functions that coordinate clearance and innate immunity
in the lung (6). In the proximal airways, CFTR protein and mRNA
expression are very abundant in a small subset of columnar non-
ciliated cells in the surface airway epithelium and submucosal
gland duct and serous cells (59). In the more distal airways, CFTR
expression is found at very high levels in respiratory bronchioles
and a small subset of columnar non-ciliated cells in the ter-
minal bronchioles (60). Recent studies using single-cell RNAseq
(sc-RNAseq) are helping to better specify the CFTR expressing cell
types in the airways and identified the ionocyte as the colum-
nar non-ciliated cell that expresses approximately 50% of CFTR
transcripts in the surface airway epithelium. Interestingly, little

to no CFTR mRNA transcripts were detected in secretory and
ciliated cell types (61,62). While human ionocytes may be a major
source of CFTR expression in the proximal airway epithelium,
they comprise only 0.5% to 1.5% of epithelial cells along the
conducting airways.

The functions of CFTR expressing ionocytes in the airways
remain unclear, but these findings raise several important ques-
tions relevant to gene therapy for CF. For example, will it be
necessary to express CFTR in ionocytes due to cell-autonomous
CFTR function controlled by the unique composition of channels
in this cell type? Can CFTR expression in other columnar cell
types compensate for the function of ionocytes in the airways?
How are these CFTR-expressing cell types, including ionocytes,
regionally distributed in the lung? Answers to these questions
require an improved understanding of the pathophysiology of
CF lung disease and how CFTR functions at the cellular level
to control airway clearance and innate immunity. However, the
implications for gene therapy of CF lung disease will only be fully
appreciated when new gene delivery approaches are tested in
clinical trials.

The complexities of CFTR regulation at the cellular level in
the lung theoretically become less of an obstacle if an effective
gene editing approach that targets airway stem cells can be
generated. The discovery of clustered regularly interspaced short
palindromic repeats (CRISPR) and CRISPR-associated protein 9
(Cas9) provides specific programmable nucleases (63–65) and
has greatly accelerated the development of practical RNA-guided
genome editing approaches. These tools provide an opportunity
to advance CF gene therapy from gene addition to precise
gene correction (66,67). Theoretically, gene editing enables
precise correction of any CFTR mutation or the rebuilding of
a CFTR minigene that expresses a corrected mRNA without
altering endogenous patterns of expression. Although the
machinery required for homology-directed repair (HDR) is
inactivated in non-dividing airway epithelial cells (68), a new
non-homologous end joining (NHEJ)-based approach called
homology-independent targeted integration (HITI) has been
shown to efficiently insert a sequence into a desired genomic
locus in post-mitotic cells in vitro and in vivo (69). Thus, HITI
is compatible with an exon trap CFTR minigene gene editing
approach in postmitotic airway epithelia or non-proliferating
stem cells, whereas CRISPR/Cas9 HDR approaches could be used
to target CFTR gene correction to proliferating airway stem cells.

Future considerations
Significant advances in the development of efficient vectors for
airway gene delivery, coupled with an improved understanding
of CF pathophysiology and new animals models that recapitu-
late the human CF phenotypes, have renewed enthusiasm for
advancing effective genetic therapies for CF. Restoration of CF
lung function relies on rebuilding normal homeostatic mecha-
nisms that regulate effective airway clearance and innate immu-
nity. Open questions remain regarding the cellular targets in the
lung that are required or sufficient to prevent or reverse disease.
Additionally, the most abundant cell types accessible to a CFTR
gene transfer vector on the airway surfaces include terminally
differentiated ciliated cells and secretory cells with the capacity
to divide, and the lifespan of these cell types in the human
airway is undefined. However, the average half-life of airway
ciliated cells epithelial cells in mouse is estimated to be 6 months
in the trachea and 17 months in lung (70); thus, effective CFTR
gene delivery using a non-integrating viral-mediated approach
might last for several years in the human lung in the absence of
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disease. Repeat dosing of a gene therapy agent to the CF lung will
likely be required as the field develops, and for certain viral vec-
tors, this will necessitate clearer understanding of methods to
modulate the immune response in the CF lung. However, as the
field advances to more sophisticated gene editing approaches
targeting stem cell compartment in the lung, questions about
whether CFTR regulation is required for complementation of
disease and the need for repeat dosing of a gene transfer agent
would become less important. Regardless of the strategy, CF
animal models will play an important role in helping to guide
the development of effective gene therapies to treat or prevent
CF lung disease. The utility of any gene therapy approach will
ultimately only be clearly defined by testing in CF patients
using well-designed clinical trials with strong molecular and
physiologic endpoints for efficacy. This will likely be an iterative
process, and the opportunities for continued advancement are
great.
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