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Gene-based therapeutics are actively being pursued for the treatment of lung diseases. While promising advances have been made
over the last decades, the absence of clinically available lung-directed genetic therapies highlights the difficulties associated with
this effort. Largely, progress has been hindered by the presence of inherent physical and physiological airway barriers that
significantly reduce the efficacy of gene transfer. These barriers include surface mucus, mucociliary action, cell-to-cell tight
junctions, and the basolateral cell membrane location of viral receptors for many commonly used gene vectors. Accordingly, airway
surface preparation methods have been developed to disrupt these barriers, creating a more conducive environment for gene
uptake into the target airway cells. The two major approaches have been chemical and physical methods. Both have proven
effective for increasing viral-mediated gene transfer pre-clinically, although with variable effect depending on the specific strategy
employed. While such methods have been explored extensively in experimental settings, they have not been used clinically. This
review covers the airway surface preparation strategies reported in the literature, the advantages and disadvantages of each
method, as well as a discussion about applying this concept in the clinic.
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INTRODUCTION

Genetic therapies for lung disease

Genetic therapies hold great potential for the treatment of a range
of inherited and acquired pulmonary diseases. The goal of these
therapies is usually to restore function of an absent or defective
protein to levels that ameliorate the disease symptoms. A range of
modalities are currently being explored and these can be divided
into five major categories: (1) gene-addition therapy, (2) mRNA
therapy, (3) gene repair, (4) mRNA repair, and (5) cell therapy [1, 2].
All approaches are under active investigation and are at various
stages in the developmental pipeline, ranging from pre-clinical
testing to clinical trial phases.

The first-conceived genetic treatment option and most
extensively investigated approach both pre-clinically and clinically
is gene-addition, wherein a correct copy of the relevant gene is
delivered to the target cells. More recently, attention has turned to
the use of mRNA in therapeutics. Rather than employing DNA,
mRNA molecules can be delivered to the airway cells in order to
express the desired therapeutic protein [3]. Alternatively, mRNA
repair approaches, also known as antisense therapies, can be
employed. These involve administering short, single-stranded
oligonucleotides to cells to target and repair the abnormal mRNA
[4]. Development of precise gene editing tools now enable the
potential to repair gene mutations in situ via a range of different
strategies [5]. Gene-modified cell therapy involves performing
permanent gene-correction on ex vivo patient-derived cells and
subsequently transplanting the corrected cells into the airways [6].

To be effective, genetic therapies, irrespective of the modality
used, require a vehicle to deliver the genetic payload. Non-viral
and virus-derived vectors are under development for this purpose.
Both have advantages and disadvantages, and these are partly
determined by the target organ and cell population(s). Viral-
derived vectors take advantage of evolutionary adaptations that
enable highly effective entry into human cells. Non-viral vectors
are typically less efficient gene-transfer vehicles, but they are
easier to manufacture in large quantities, and have reduced
immunogenicity and a lower risk profile. The major categories of
viral vectors under development for lung-based genetic therapies
include adenoviral vectors (AdVs), adeno-associated vectors
(AAVs) and lentiviral vectors (LVs), and these will be the focus of
this review article.

Cystic fibrosis: the Holy Grail for lung gene therapy

Targets for lung-directed gene therapy include genetic disorders
such as cystic fibrosis (CF) and alpha-1 antitrypsin deficiency, as
well as acquired diseases including chronic obstructive pulmonary
disease, asthma, lung cancers and others [7, 8]. CF lung disease
has long been targeted for development of an effective gene
therapy. Unlike other lung disorders that have a complex
aetiology and involve the interaction of multiple genes and
environmental factors, CF is a monogenic disorder, and thus it has
been considered an ideal candidate for gene therapy. CF patients
carry two mutated copies of the CF transmembrane conductance
regulator (CFTR) gene, which encodes for a protein that acts as an

'Adelaide Medical School, The University of Adelaide, Adelaide, SA, Australia. 2Robinson Research Institute, The University of Adelaide, Adelaide, SA, Australia. *Department of
Respiratory and Sleep Medicine, Women’s and Children’s Hospital, North Adelaide, SA, Australia. “These authors contributed equally: David Parsons, Martin Donnelley.

HMemail: alexandra.mccarron@adelaide.edu.au

Received: 13 December 2021 Revised: 1 March 2022 Accepted: 4 March 2022

Published online: 29 March 2022

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41434-022-00332-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41434-022-00332-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41434-022-00332-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41434-022-00332-7&domain=pdf
http://orcid.org/0000-0002-6045-3998
http://orcid.org/0000-0002-6045-3998
http://orcid.org/0000-0002-6045-3998
http://orcid.org/0000-0002-6045-3998
http://orcid.org/0000-0002-6045-3998
http://orcid.org/0000-0002-3780-0971
http://orcid.org/0000-0002-3780-0971
http://orcid.org/0000-0002-3780-0971
http://orcid.org/0000-0002-3780-0971
http://orcid.org/0000-0002-3780-0971
http://orcid.org/0000-0003-1746-3290
http://orcid.org/0000-0003-1746-3290
http://orcid.org/0000-0003-1746-3290
http://orcid.org/0000-0003-1746-3290
http://orcid.org/0000-0003-1746-3290
http://orcid.org/0000-0002-5320-7756
http://orcid.org/0000-0002-5320-7756
http://orcid.org/0000-0002-5320-7756
http://orcid.org/0000-0002-5320-7756
http://orcid.org/0000-0002-5320-7756
https://doi.org/10.1038/s41434-022-00332-7
mailto:alexandra.mccarron@adelaide.edu.au
www.nature.com/gt

A. McCarron et al.

470

Apical

receptor

e

Tight =
junction -

Basolateral > o
receptor

D) @)

Basal
cell

Fig. 1

-

Mucus
PCL }ASL

jApicaI

=
o ¢

Basolateral

FNN

Physical and physiological barriers to viral vector mediated airway gene transfer. The airway epithelium consists of multiple barriers

that limit the ability of viral vectors to deliver their transgene to the target cells. Barriers include surface mucus and the action of the
mucociliary clearance (MCC); lack of relevant viral vector receptors on the apical membrane; epithelial tight junctions that prevent vector
particles accessing basolateral-located receptors; and the deep-lying location of basal stem cells that are not easily accessible via the airway

lumen. PCL periciliary liquid, ASL airway surface layer.

epithelial chloride and bicarbonate channel. Dysfunctional CFTR
causes disruption to the ion and water balance across the airways,
dehydration of the airway surface, accumulation of viscous mucus,
and creation of an environment that is ideal for colonisation by
opportunistic pathogens. Over time, CF airways are subjugated to
cycles of infection and inflammation, ultimately leading to
irreversible structural lung damage [9].

Shortly following discovery of the CFTR gene in 1989, a gene
therapy for lung disease was eagerly being pursued, and it was
thought that one would be readily available in the clinic within a
couple of years. Initial in vitro and in vivo pre-clinical studies
demonstrated promising proof-of-concept for a CFTR gene-
addition therapy [10], however, early clinical trials performed in
CF patients began to reveal efficacy issues. Approximately 30 years
on, a genetic therapy for CF lung disease has not come to fruition,
despite significant efforts. While delivery of a gene therapy agent
to the lungs is relatively simple due to ease of accessing the
airways, the reality is that achieving efficient gene transfer in this
organ is difficult. Naturally occurring airway barriers substantially
reduce the ability for gene vectors to access the target airway cell
types and deliver their genetic payload. Since these early CF
clinical trials, the challenge of overcoming physical and physio-
logical airway barriers remains one of the most critical and
frequently cited impediments to the development of effective
lung-directed genetic therapies.

Physical and physiological airway barriers restrict effective
viral vector mediated gene therapy

The lungs are one of only a few bodily systems exposed to the
outside world. Accordingly, evolution has driven the development
of features that are designed to protect the airway cells from
invasion by airborne pathogens, particulates, and allergens. These
barriers can be divided into two major categories: (1) physical/
physiological (including cellular) and (2) immunological. While the
immune system poses significant issues for gene therapy that
must be overcome, this review focuses on physical, physiological
and cellular airway barriers to effective airway gene transfer, as
these form the first line of defence. The major barriers to viral
vector mediated airway gene transfer will be discussed below and
are summarised diagrammatically in Fig. 1.

Notably, luminal airway barriers can be circumvented comple-
tely by using systemic based delivery systems, such as via
intravenous administration. This delivery approach also has the
additional benefit of distributing the therapeutic to other organs
that may be affected, which is valuable for multi-organ diseases.
However, systemic administration may not be suitable for all
pulmonary diseases as it tends to target lung endothelial cells and
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pneumocytes, rather than epithelial cells [11]. For the purposes of
this article, we will focus only on airway-directed gene therapies,
as these are the most relevant to the topic of this review.

Airway surface mucus and mucociliary clearance. Airways are
lined with ciliated epithelial cells and an airway surface layer that
consists of two components: a mucus layer and the underlying
periciliary liquid (PCL). The mucus immobilises inhaled particles
and pathogens, while the PCL provides lubrication to facilitate
ciliary beating, which results in trapped material being moved
from the lungs toward the pharynx for cough clearance or
swallowing. The coordinated interaction of these airway compo-
nents forms a process known as mucociliary clearance (MCC), one
of the most critical defences of the airways [12, 13]. In addition to
the MCC action, the PCL itself acts as a physical barrier that
prevents pathogens from accessing the underlying epithelial cells
[8]. While essential for protecting the airways, these defence
processes substantially diminish the efficacy of gene-transfer
agents. Accordingly, the combined effects of the mucus layer and
MCC have been recognised as one of the most significant barriers
to effective airway gene therapy.

Barrier function of the airway epithelium. If a gene vector can
overcome these extracellular obstacles, the airway epithelium is
the next hurdle. The epithelium primarily functions as a barrier
between the external environment and internal milieu [14]. Tight
and adherens junctions are membranous structures located
between epithelial cells and contribute significantly to maintain-
ing barrier function. These junctional complexes are critical for
regulating the passage of substances across the epithelia and
preventing pathogens and foreign bodies from gaining access and
causing damage to the subepithelial tissue. Their presence also
separates the epithelial layer into two distinct domains, the apical
membrane and basolateral membrane [14, 15].

To deliver their genetic cargo to the airway epithelial cells, viral
vectors must bind to a complementary receptor expressed on the
cell surface, which results in cellular internalisation. Some vectors
confer apical entry into airway cells, for example, LV pseudotypes
derived from baculovirus (GP64), Sendai virus (F/HN), and
influenza (HA) [16], as well as some AAV serotypes including 1,
5, 6, and AAV2.5T [8, 17]. However, many commonly used gene-
transfer vectors employ receptors that are located only on the
basolateral surface [8]. Examples include AdVs that target the
coxsackievirus and adenovirus receptor, certain AAV serotypes
(e.g. AAV2) that mediate entry via heparan sulfate proteoglycans,
and vesicular-stomatitis-G (VSV-G) pseudotyped LVs that employ
the low density lipoprotein receptor, all of which are known to be
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expressed on the basolateral membrane of the airway cells [18-
20]. Epithelial tight junctions prevent viral vectors from gaining
access to these deep-lying receptors, resulting in less efficient
transduction when administered via the airway lumen.

Limited basal cell access via luminal delivery. To achieve long-term
therapeutic effect from an airway gene therapy, permanent gene-
correction of self-renewing cells will be necessary [21]. Basal cells
are a primary stem cell type within the conducting airways and
drive epithelial homeostasis, as well as regeneration following
injury [22]. Basal cells are anchored to the base of the epithelial
layer (basal lamina) and are not in direct contact with the airway
lumen. Therefore, while targeting basal cells may be essential for
long-term gene expression, viral vector access to these cells is
limited.

Impact of lung disease state. Pre-clinical development for gene
therapies is typically performed in vitro or in non-diseased animal
models, and thus does not consider the impact of lung disease
state on gene-transfer efficacy. Pathophysiological disease pro-
cesses including mucus hyperproduction, chronic infection, and
inflammation create additional barriers that gene vectors must
circumvent. Accordingly, the disease state needs to be considered
when developing an effective lung-directed gene therapy.

CF mucus is characteristically thick and adhesive, making it
difficult to clear from the airways, creating a trap for inhaled
particles [23]. In retrospect, the poor efficacy of early AdV and AAV
gene therapy clinical trials in CF patients can be partly attributed
to low-level transduction by inhaled vectors due to the presence
of mucus and infection [24-26]. Following these unsuccessful CF
gene therapy clinical trials, studies have been designed to directly
examine the impact of mucus, infection and inflammation on
gene transfer.

AdVs and AAVs were unable to effectively penetrate sputum
samples collected from CF patients and showed substantially
reduced diffusion rates [24, 25, 27]. Given this, it is likely that
delivery of gene vectors to the luminal airway surface results in a
significant proportion of particles becoming trapped within the
mucus layer and cleared via MCC or cough clearance before they
have the chance to access the airway epithelial cells. Additionally,
advanced CF lung disease can result in regional mucus plugging
of the small airways and subsequent air-flow obstruction [23]. In
this scenario, a gene therapy formulation delivered as an aerosol
or liquid would not be able to effectively access and treat these
blocked airways.

Infection and local inflammation are also common in many lung
diseases, yet only a handful of studies have investigated the
impact of these factors on gene-transfer efficacy. In one study
employing a mouse model of induced Pseudomonas aeruginosa (P.
aeruginosa) infection, the effect on gene-transfer was variable
depending on the delivery vehicle employed. LV vector mediated
gene transfer was not impacted by the presence of infection,
while some non-viral DNA carriers (lipofectamine and polyethy-
lenimine) exhibited a significant reduction in transfection ability
[28]. In a separate study, infection with common CF respiratory
bacterial species (Bordetella bronchiseptica or P. aeruginosa)
negatively impacted AAV vector transduction in mice [26]. The
presence of P. aeruginosa induced bronchopulmonary inflamma-
tion in mice has also been found to reduce AdV vector mediated
gene transfer [29].

Further work is needed to fully understand the impact of
disease state on airway gene transfer. Assessing the performance
of individual gene vectors under disease conditions will be
necessary as the biochemical and physical properties of the vector
will be significant factors in their success. Until recently, this
research was hindered by lack of a suitable animal model with
human-like CF lung disease. However, newer models that develop
infection and muco-obstruction of the airways, including CF ferret
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and pig models, may aid in facilitating these studies [30-32].
Ultimately, a lung-targeted genetic therapy will have the greatest
efficacy and safety in lungs with a low or absent burden of
disease, therefore treatment early in life is the most desirable
approach, and has the additional benefit of potentially halting
further lung disease progression [27].

Overcoming airway barriers. Limited ability to perform effective
airway gene transfer has led to the development of novel vector
engineering approaches to enhance delivery and uptake into the
target cells. Improved airway cell tropism can be achieved by
optimising the chosen vector pseudotype for LVs [33, 34] or via
capsid engineering for AdVs and AAVs [35]. Similarly, peptides or
ligands can be added to the vector surface to target specific
cellular receptors [36], or to confer enhanced mucus-penetrating
capacity [37]. Altering the surface charge of the vector can
increase transduction efficacy [38], while other modifications to
surface properties can reduce immunogenicity, for example, the
addition of polymers (e.g. PEGylation) can shield particles from the
immune system [36].

An alternative strategy to increase gene transfer, and the focus
of this review article, is the use of techniques that prepare the
airways for gene transfer, making the cells more receptive to
transduction.

AIRWAY SURFACE PREPARATION TECHNIQUES

Depending on their nature, airway surface preparation techniques
can produce a range of biological effects. Described (and
hypothesised) effects include removal/dislodgment of airway
mucus, impairment of MCC action including deciliation of cells,
disruption of cell-cell tight-junction integrity, and sometimes, the
removal of surface epithelial cells. These techniques transiently
modulate physical and physiological airway barriers, increase
vector residence time, as well as enable access to basolateral-
located receptors and airway basal cells [39].

Airway surface preparation techniques that have been reported
in the literature can be divided into chemical and physical
strategies. This section will review and summarise the airway
conditioning methods that have been commonly employed in
conjunction with viral vector mediated gene transfer. Based on
the available evidence, we will comment on the advantages and
disadvantages of each approach and speculate on the best
options to pursue.

Chemical conditioning

Chemical-based conditioning is the most frequently reported
airway surface preparation method. A range of chemicals with
varying properties have been explored for this purpose, including
both liquids and gas (Table 1). In some cases, it has been found
that the conditioning agent cannot be combined directly with the
vector due to significant loss of vector viability. To overcome this,
two separate administrations are required—one to deliver the
conditioning compound and then a second to deliver the vector
once the chemical effect has taken place and the compound is
cleared from the airway surface. This increases procedure
complexity and is disadvantageous as the distribution of the
conditioning agent and viral vector can be variable or mismatched
[40]. Importantly, conditioning compounds tend to produce
biological effects that are transient, enabling improved gene
transfer while minimising the potential for long-lasting impact on
the lungs.

Surfactants were one of the first known compounds to be used
as airway conditioning agents and were hypothesised to work by
enhancing the uniformity of pulmonary gene transfer. Survanta®
(modified bovine pulmonary surfactant) co-delivered with an AdV
vector successfully improved airway gene expression in vivo,
demonstrating early proof-of-concept [41, 42]. Since these initial
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Table 1.
Compound  Concentration  Species
LPC 0.1-2% Mouse, rat
0.01-1% Mouse, rat, ferret, rabbit, sheep, pig,
marmoset, baboon
PDOC 0.1-1% Mouse
ci10 30-50 mM Mouse
EGTA 3-400 mM Mouse, rabbit
PFC 100% Mouse, rat, macaque
SO, 500 ppm Mouse

mM millimolar, ppm parts per million.

studies, the field has favoured the use of synthetic fatty acid-
derived surfactants, including lysophosphatidylcholine (LPC),
polidocanol (PDOC), and sodium caprate (C10).

Lysophosphatidylcholine (LPC). LPC is one of the most extensively
studied airway conditioning agents for viral vector mediated gene
transfer. LPC is a natural component of pulmonary surfactant, and
when applied to the airways, the histological effects are
concentration dependent. High concentrations result in more
overt consequences including loss of cilia, lifting or removal of
surface cells, and in some cases, stripping of the epithelial layer
[43]. LPC also possesses tight-junction opening properties.
Transepithelial potential difference measures demonstrated a
depolarisation response following nasal LPC administration in
mice, indicating a loss of tight-junction barrier function [43]. LPC
may also have mucolytic properties and reduce ciliary-beat
frequency, both attributes that increase vector residence time
[39, 44]. The concentration, volume and timing of LPC adminis-
tration is dependent on the type of gene vector to be delivered
and the target region of the airway.

LPC has been essential for producing LV VSV-G mediated gene
transfer in the nasal airways of mice [44-48] and rats [49],
provided it was delivered 1h prior to LV administration. LPC
delivered to the lung airways also enhances LV VSV-G vectors with
varying degrees of efficacy in a range of animal species including
mice [34, 50, 51], rats [52], ferrets [53], sheep [50] and the
marmoset [54, 55]. LPC has also been employed with LV vectors
pseudotyped with envelope proteins that target apically-located
receptors including GP64 [44] and HA [34].

Helper dependent AdV (HD-AdV) is a robust vector particle that
can be formulated in LPC (0.01-0.1%), allowing for one-step
administration that produced extensive reporter gene transduction
after aerosolisation to the lungs of rabbits [56]. Repeated
administration of LPC and HD-AdV vector to mouse lungs
produced high reporter gene transduction in the conducting
airways [57], as did its use in the lungs of baboons [58, 59].
Furthermore, this formulation could be successfully redosed [60].
Efficient LPC and HD-AdV vector transduction was also produced in
the conducting airways of pigs [61, 62], and in newborn ferrets [63].
More recently, aerosolisation of LPC and a piggyBac/AdV vector
into newborn pigs resulted in strong airway gene transfer [64].

LPC enables successful airway gene transfer using a range of
viral vectors and animal species, with its use continuing to be
routine in animal studies. The extensive pre-clinical use of LPC
(including studies in non-human primate species) suggests a
favourable safety profile, though this has not been examined
directly. Based on the current evidence, LPC appears to provide
variable enhancement effects, highlighting the need to optimise
the concentration, volume and timing interval for each individual
application.
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Summary of chemical conditioning methods used in vivo with viral vector mediated airway gene transfer.

Route of vector Viral vector type References

delivery

Nasal LV, HD-AdV [43-49, 57, 62, 106]

Lung LV, HD-AdV, piggyBac/ [34, 50-56, 58-64]
AdV

Nasal AdV, LV [45, 66]

Lung AdV [38, 74]

Lung AdV, HD-AdV, AAV, LV, [38, 74, 75, 78-80]
retroviral

Lung AdV, AAV [84, 86-89, 107]

Nasal and lung LV, retroviral [90, 91]

Polidocanol (PDOC). Other fatty-acid surfactants have also been
explored, but less comprehensively than LPC. Polidocanol (PDOC)
is a synthetic non-ionic detergent and has previously been used
clinically as a locally injectable sclerosing agent for varicose vein
treatment, where concentrations up to 3% were found to be well
tolerated [65]. PDOC has been shown to improve in vivo airway
gene transfer levels. Low PDOC concentrations (0.1%) applied to
the nasal airways increases epithelial permeability, in the absence
of visible histological changes [66]. PDOC concentrations from 0.1
to 1% substantially increased transduction in the nasal epithelium
of mice when used in conjunction with an AdV vector [66] or VSV-
G pseudotyped LV vector [45]. In the latter study however,
improvements in gene transfer from PDOC conditioning were
found to be modest when directly compared to LPC [45].

In more recent times the use of PDOC for facilitation of viral-
mediated airway gene transfer has fallen out of favour. Instead,
PDOC has been employed in the lungs for other experimental
purposes. Application of higher concentrations of PDOC (typically
2%) to the airways of rodents can remove the surface epithelium,
while leaving the basal cell layer relatively intact [67]. The ability to
remove surface cells is a property that makes PDOC useful for
investigating stem cell behaviour and regeneration of the airway
epithelium following gene transfer with integrating LV vectors
[68, 69]. Transient PDOC-induced lung injury has also been
employed prior to delivery of cells, with its use found to enhance
retention and engraftment of transplanted cells [67, 70, 71].

Sodium caprate (C;5). Sodium caprate, also referred to as Cyq, is
the sodium salt of the medium-chain fatty-acid capric acid. Sodium
caprate has been used clinically to enhance drug permeability
across the intestines, and was a component of an approved rectal
suppository [72]. Like other fatty-acid derived surfactants used for
airway conditioning, sodium caprate has airway tight-junction
opening properties, reducing transepithelial resistance when
applied to human airway epithelial cultures in vitro. This property
is proposed to enable vectors improved access to the basolateral
compartment and appropriate viral receptors [73].

Direct formulation of AdV vectors with sodium caprate produces
complete loss of vector viability; therefore, two separate admin-
istrations are necessary [38, 74]. Sodium caprate increases AdV
vector mediated gene transfer to human airway epithelial cultures
in vitro and mouse airway epithelium in vivo [38, 73]. In mice, a
combined formulation of sodium caprate and EGTA (see below)
was applied to the airways prior to AdV vector delivery, however,
this did not further increase transduction levels when compared to
sodium caprate alone [38]. A similar compound, sodium laurate
(Cy), also enhanced AdV gene transfer [74], but has been
investigated less than C;,,.

Application of sodium caprate to the airways of mice induced
mild histopathological changes and an increase in airway
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responsiveness, indicating low-level toxic effects in the lungs [74].
While an effective compound at enhancing viral vector mediated
gene transfer, it has not been employed in research applications in
more recent times, potentially due to adoption of other fatty-acid
conditioning compounds such as LPC that have more favourable
characteristics, including more comprehensive investigation under
a range of experimental conditions and the ability for co-delivery
with some viral vectors.

EGTA. Several groups have reported EGTA (ethylene glycol-bis
(beta-aminoethyl ether)-N,N,N’,N’-tetraacetic acid) enhances viral
vector mediated airway gene transfer. Unlike the fatty-acid
derived compounds, EGTA is a calcium-chelating agent that
reduces the intracellular concentration of calcium ions to disrupt
calcium-dependent formation and stabilisation of tight-junction
protein complexes [8, 75]. As would be expected, EGTA applica-
tion reduces transepithelial resistance, consistent with increased
tight-junction permeability, both in cultured human airway
epithelial cells in vitro, and in human nasal epithelium in vivo [75].

EGTA conditioning has enhanced airway gene transfer for AAVs,
AdVs (including HD-AdVs), LVs and retroviruses [75-79]. Successful
retroviral-, lentiviral- and adenoviral-mediated gene transfer to
rabbit tracheal epithelium was produced when EGTA conditioning
preceded gene delivery, while limited gene transfer was present in
the absence of conditioning [75, 79]. Similar improvements with
EGTA conditioning for an AdV vector were observed in mice [80],
while in vitro studies using human CF airway cultures produced
restoration of CFTR function following co-administration of VSV-G
LV and EGTA [79]. EDTA, a related compound, has also been
examined, but appears to be less effective than EGTA at disrupting
airway tight junctions [80].

EGTA offers certain benefits as an airway conditioning agent for
use in a clinical setting. Unlike other conditioning agents, EGTA
can be formulated with viral vectors (including LVs), allowing for
one-step delivery to airways [74, 75, 79]. The effects of EGTA on
the junctional complexes are also rapid and reversible [75]. Other
calcium chelators such as EDTA are used already for clinical
indications including intravenous chelation therapy for lead
poisoning [81]. EDTA has also been explored for its antibacterial
properties in the lung. In multiple clinical studies, CF patients with
P. aeruginosa infection received nebulisation of EDTA and a
concomitant antibiotic. In these studies, inhaled EDTA resulted in
no harmful effects or adverse events [82, 83]. However, assess-
ments of EGTA toxicity performed in mice have noted inflamma-
tory effects in the lungs [74]. Moreover, EGTA appears to be less
potent than other conditioning agents, with one study revealing
that sodium caprate was more effective than EGTA at enhancing
AdV vector transduction in mouse lower airways upon direct
comparison [38].

Perfluorochemical. Perfluorochemicals (PFCs) are non-toxic sub-
stances that consist of chemically inert fluorinated carbon chains.
PFC liquid has characteristics that are suited to use in the lungs. It is
highly soluble in O, and CO,, and has a high density and low
surface tension, allowing it to distribute throughout the conduct-
ing airways and alveoli [84, 85]. Due to these properties, PFC liquid
is proposed to act as a carrier to enable more efficient distribution
of vector particles throughout the airways. Delivery of PFC liquid to
the airways also induces transient opening of tight junctions,
providing vectors improved access to basolateral receptors [86, 87].
Other hypothesised effects of PFC administration include displace-
ment of airway surface mucins and fluid. There is also evidence
that the compound interferes with vector phagocytosis by alveolar
macrophages, thus increasing the proportion of active viral
particles that successfully reach the airway epithelial cells [86].
Use of PFC liquid prior to vector administration improved AdV
and AAV vector mediated gene transfer to the airways of rodents
[84, 86, 88] and non-human primates [89]. Inhalation of nebulised
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PFC vapour has also been explored as a simpler and more clinically
appealing technique compared to liquid-based delivery. Nebulisa-
tion of PFC vapour similarly enhances AdV and AAV mediated gene
expression in the airway epithelium of mice and macaques,
respectively [87].

PFC has properties that are consistent with a good clinical safety
profile. It is not metabolised by the kidneys or liver, and is
eliminated by evaporation during exhalation or transpiration
through the skin [85]. Non-human primates produced no obvious
adverse effects from delivery of liquid or nebulised PFC to the
airways [87, 89]. PFC has also proven effective at increasing gene
transfer among a range of animal species with various AdV and
AAV-based vectors. However, interest in the use of PFC for airway
conditioning has declined, with few publications employing this
approach in the last decade. It is not apparent why this is the case,
but more general concerns regarding the translatability of airway
preparation approaches may have contributed. Furthermore, the
mechanisms of PFC action are yet to be fully elucidated,
particularly in the case of nebulised formulations, which offer the
same gene-transfer improvements as the liquid delivery, but do
not appear to increase tight-junction permeability [87].

Sulphur dioxide inhalation. One gas, sulphur dioxide (SO,), has
also been explored for enhancing viral vector mediated gene
transfer. While delivery of fluid can result in non-homogeneous
effects, gases provide the benefit of uniform distribution
throughout the airways, particularly when two separate adminis-
trations are required for the conditioning compound and viral
vector. There are two proposed mechanisms that underpin the
gene transfer enhancement effects from SO, inhalation: (1) direct
injury and denuding of the surface epithelium due to luminal cell
death and sloughing following SO,, and (2) increased paracellular
permeability in areas of less severe injury, allowing viral vectors
access to basolateral receptors and basal cells [90].

A handful of studies have explored the use of SO, for airway
conditioning. In one study, mice receiving SO, inhalation-induced
injury followed by delivery of a murine leukaemia retroviral vector
demonstrated significant improvement in tracheal cell transduc-
tion, while those without SO, injury had no observable gene
expression [91]. Similarly, a LV VSV-G pseudotyped vector
demonstrated substantial gene expression in the nasal and
tracheal epithelium of mice and rats when delivered following
SO, inhalation, while gene transfer did not occur in the absence of
SO, conditioning [90].

SO, inhalation successfully enhances airway gene transfer in
rodent models and offers delivery advantages over liquid
formulations. While this work highlighted the feasibility of using
a gas for airway surface preparation, there has not been any
further studies in this area. Lack of interest is likely due to the
inability to translate this approach to the clinic, particularly given
the severe airway injury produced and toxic effects associated
with SO, inhalation [92].

Physical perturbation
Physical perturbation of the airways involves the use of a method
or device (examples depicted in Fig. 2) to remove cells or
otherwise disrupt the integrity of the airway epithelium.
Disturbance of the epithelium aids transduction, potentially by
revealing basolateral viral receptors [79], or dislodging the poorly
transducible surface epithelial cells to expose underlying basal
cells that may be more susceptible to transduction [93, 94].
Physical perturbation may also offer other benefits, including
removal of the protective mucus layer or disruption of local
mucociliary transport to facilitate more direct access to epithelial
cells and improved residence time, but these effects have not
been investigated.

High levels of in vivo airway gene transfer are commonly
reported in regions inadvertently abraded with delivery
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Fig.2 Examples of physical perturbation devices. A Blunt and fine forceps, (B) bronchial cytology brush (Cook Medical), and (C) flexible wire

basket (NCircle’, Cook Medical).

instrumentation, such as an endotracheal tube or a bronchoscope
[50, 94]. Moreover, the first airway gene therapy trial performed in
the nasal epithelium of CF patients using an AdV vector
retrospectively concluded that viral transduction was likely
facilitated by airway damage caused by the delivery method
[10]. While incidental findings, they provided early evidence of the
effectiveness of physical perturbation strategies. Studies have
since been performed to directly investigate the gene transfer
enhancement effects of physical approaches, however, the
techniques employed were relatively crude. The use of a pipette
tip to scratch an epithelial sheet before apical delivery of a LV
vector enhanced ex vivo transduction in damaged area [79].
Physical perturbation using forceps to externally compress or
scrape excised CF human trachea also increased transduction in
abraded regions [93, 94].

In a previous investigation by Pickles et al. the intercartilaginous
regions of mouse tracheas were externally compressed with
forceps and AdV vector delivered via a tracheostomy, resulting in
distinct lines of gene expression in the compressed regions [94].
However, while this approach appeared to enhance AdV gene
transfer, only low levels of intermittent gene expression were
achieved when it was used in conjunction with a LV vector [90].
Another study used forceps inserted through a tracheostomy tube
to remove linear regions of epithelial cells in mouse trachea. Areas
exposed to perturbation prior to AdV vector delivery showed
greater reporter gene expression than unperturbed sections [93].
Perturbation of rabbit tracheas and bronchi with a bronchial
cytology brush via an endotracheal tube resulted in an increase in
retroviral vector transduction [95]. Recently, a fine, flexible wire
basket that conforms to the airway lumen was used to physically
perturb rat tracheas prior to administration of a LV vector,
resulting in a 1000-fold increase in the area of LacZ staining over
the unperturbed controls [96].

Physical perturbation successfully enhances viral-mediated
airway gene transfer, however, the gene expression produced
tends to be non-uniform across the tissue. This is likely because
the gene-transfer enhancement effects localise only to the regions
where the device is applied, therefore achieving widespread gene
transfer throughout all airways with this method may be
challenging. However, the limited local effects produced by
physical perturbation may also be an advantage, as this will
prevent extensive damage to the airways. Furthermore, targeted
or successive treatments to localised lung regions could be
enabled with this approach. Variable efficacy of physical
perturbation has been noted in animal studies, which could be
due to the use of relatively crude techniques and instruments,
however, the more recent use of a flexible wire basket in rat
airways indicates the ability to refine these methods [96].
Moreover, incorporating visualisation with a bronchoscope in
the future may facilitate targeted perturbation to the lower
conducting airways [52], which is the primary target for lung gene
therapies, rather than the trachea.

Clinical translation of this approach may be more challenging
than chemical methods due to procedural complexity and the
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need for controlled and precise techniques. Importantly, the lung
has an extensive ability to respond to injury and regenerate lost or
damaged cells [97], as shown in the above studies demonstrating
successful repair of the airway epithelium following perturbation
[94, 96]. This regenerative capacity means that inducing localised,
controlled damage via physical perturbation techniques is unlikely
to have long-lasting impacts on the airways. However, increased
cell turnover post-perturbation may also result in loss of gene-
expressing cells, particularly if basal cells are poorly targeted and
non-integrating vectors are used. Physical perturbation methods
will require in-depth safety examination for clinical translation, but
unlike the use of chemicals, physical approaches have the
advantage that they will not require characterisation of toxicity
and metabolism profiles.

CLINICAL TRANSLATION OF AIRWAY SURFACE PREPARATION
TECHNIQUES

An important notion that arises when employing conditioning
methods for airway gene therapy is the ability to translate these
techniques to the clinic. Ultimately, should these methods be
restricted to the realms of experimental investigations, or is there
value in actively pursuing selected techniques for clinical
development?

Conditioning methods act to intentionally disrupt naturally
occurring protective airway barriers, which raises concerns,
particularly when they are employed in a lung with existing
infection, inflammation, and tissue damage. In particular, there are
concerns that disrupting the epithelial integrity could enhance the
leakage of bacterial products and inflammatory mediators into the
submucosa, resulting in further damage to the lungs [39].
Moreover, these methods could allow antibiotic-resistant bacteria
to gain access to systemic circulation, particularly in cases of
advanced lung disease [6]. Disturbing the integrity of cellular tight
junctions can also have other potential consequences. Junctional
complexes are known to serve as signalling platforms for
regulation of gene expression, cell proliferation and differentia-
tion. Accordingly, conditioning processes that disrupt tight-
junction integrity may interfere with normal repair and differ-
entiation of the airway epithelium [14], however, further work is
needed to explore this phenomenon, particularly in diseased lung
environments.

For chemical methods, understanding the toxicity and meta-
bolism profiles of the compound is critical. While investigators
have explored some safety aspects of conditioning compounds in
experimental settings, more extensive assessment is necessary for
use in humans. In addition to this, the delivery procedure must be
considered. Two-step protocols where conditioning is performed
prior to gene vector delivery are more complicated than one-step
methods, and for chemical approaches, nebulised delivery of
conditioning agents is preferable to fluid administration in clinical
settings. For physical perturbation, the procedure will require
patient sedation to enable successive deployment of the device to
the airway branches.
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There are currently no clinically available airway gene therapies,
and protocols that are nearing early phase clinical trials do not
include an airway surface preparation step [98]. In the absence of
any precedence, we need to examine therapeutic strategies used
in other organs. One concept of a similar procedural premise is the
use of pre-transplant conditioning for hematopoietic stem cell
transplantation. For many decades, stem cell transplantations
were attempted with little success, until it was realised that
damage was necessary to create space in the recipient’s bone
marrow for the engraftment and expansion of stem cells.
Conditioning typically includes a combination of chemotherapy
and radiotherapy, processes that are known to be toxic and
produce adverse effects [99], but are the accepted consequences
for achieving effective transplantation. Indeed, chemotherapeutic
drugs such as doxorubicin are being actively explored as agents
for augmenting airway gene transfer. Doxorubicin, a proteasome
inhibitor, has been shown to enhance airway cell transduction of
several AAV serotypes by facilitating translocation of the vector to
the nucleus [100].

Looking more closely at the lungs, there are many clinically
used procedures that are considered invasive and produce some
level of airway damage. For example, the use of whole lung
lavage is an effective treatment for alveolar proteinosis, and more
recently, silicosis [101, 102]. While the protocol is not consistent
between specialised treatment centres, the procedure can
involve endotracheal intubation of each lung and the repeated
filling and draining of up to 501 of saline per lung [101]. Damage
to regions of the airway epithelium is also considered an
accepted consequence of clinical bronchoscopies. Flexible
bronchoscopy and bronchoalveolar lavage are standard proce-
dures in the clinical care of paediatric and adult patients with
lung diseases. These procedures are safe and well tolerated,
despite being performed in infected and inflamed airways [103].
Another lung-based procedure, bronchial thermoplasty, is a novel
asthma treatment that acts to reduce airway smooth muscle mass
and subsequently, airway resistance. The technique involves
delivering controlled thermal energy to the bronchial airways via
a bronchoscope under direct visual guidance [104]. Follow-up of a
cohort of bronchial thermoplasty patients 10 years post-
procedure concluded that the technique had an acceptable
safety profile [105].

Examining these routinely used procedures suggests that there
is sound rationale for the application of airway surface preparation
methods in the clinic to enhance the effectiveness of gene
transfer. However, the risk versus benefit ratio needs to be
considered. If high levels of gene transfer can be achieved using
these strategies, then significant clinical benefit is expected.
Furthermore, improved access to airway stem cells facilitated by
conditioning techniques could enable gene correction of this self-
renewing population of cells, providing potential for long-term
gene expression and therapeutic effect.

CONCLUDING REMARKS

Airway-delivered genetic therapies continue to show poor
efficacy due to the presence of natural airway barriers. Early
gene therapy clinical trials performed in CF patients using AdV
and AAV-based vectors demonstrated safety and proof-of-
concept, but many of these trials failed to meet their primary
endpoints and patients demonstrated poor gene expression [10],
highlighting the sub-therapeutic levels of correction obtained
when attempts are not made to actively mitigate these barriers.
Airway surface preparation techniques offer an effective
approach for improving gene transfer, and act to temporarily
modulate physical and physiological airway barriers to enable
gene vectors improved access to the target epithelial cell types.
Evidence from in vivo studies describing both chemical and
physical techniques demonstrate that airway surface conditioning
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can produce highly effective vector transduction and subsequent
gene expression. The effect can be substantial, as shown by some
vectors failing to achieve gene transfer in the absence of airway
surface preparation. Airway conditioning approaches are yet to
be employed clinically, and further safety data is necessary before
this can be contemplated. While there are risks to consider with
these approaches, producing highly effective gene transduction
is likely to confer significant clinical benefit. Importantly, if stem
cells are successfully transduced, the patient may receive long-
term clinical benefit without the need for frequent therapy re-
administration.
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