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Abstract

The cystic fibrosis transmembrane conductance regulator (CFTR) gene was identified in 1989. This opened the
door for the development of cystic fibrosis (CF) gene therapy, which has been actively pursued for the last 20
years. Although 26 clinical trials involving approximately 450 patients have been carried out, the vast majority
of these trials were short and included small numbers of patients; they were not designed to assess clinical
benefit, but to establish safety and proof-of-concept for gene transfer using molecular end points such as the
detection of recombinant mRNA or correction of the ion transport defect. The only currently published trial
designed and powered to assess clinical efficacy (defined as improvement in lung function) administered
AAV2-CFTR to the lungs of patients with CF. The U.K. Cystic Fibrosis Gene Therapy Consortium completed,
in the autumn of 2014, the first nonviral gene therapy trial designed to answer whether repeated nonviral gene
transfer (12 doses over 12 months) can lead to clinical benefit. The demonstration that the molecular defect in
CFTR can be corrected with small-molecule drugs, and the success of gene therapy in other monogenic

diseases, is boosting interest in CF gene therapy. Developments are discussed here.

Cystic Fibrosis: An Introduction to the Disease

CYSTIC FIBROSIS (CF) is an autosomal recessive disease
caused by mutations in the cystic fibrosis transmem-
brane conductance regulator (CFTR) gene. The CFTR gene
encodes a protein that has several functions including cAMP-
dependent chloride and bicarbonate secretion and regulation
of epithelial sodium channels (ENaCs). CFTR is, therefore,
important in the regulation of ion and fluid homeostasis
across epithelial barriers.'

The CFTR gene is expressed in the epithelium of many
organs including the lungs, kidney, the gastrointestinal and
reproductive tracts, liver, and pancreas leading to multiorgan
disease.” In the developed world progressive pulmonary dis-
ease causes most morbidity and mortality. The respiratory
disease is characterized by persistent cycles of lung infection
and inflammation leading to mucous obstruction of the air-
ways. Although the role of CFTR in transepithelial ion trans-
port and host defense is widely accepted, there is ongoing
debate about some of the key processes. The ““low volume™
hypothesis,” which postulates that decreased transepithelial
chloride transport, due to mutated CFTR, and increased
transepithelial sodium absorption, due to lack of CFTR-de-
pendent inhibition of ENaCs, lead to increased water absorp-
tion into the tissue and, therefore, decreased airway surface
liquid and reduced mucociliary clearance has long been the

leading hypothesis. This hypothesis is consistent with altered
potential difference measurements in the nose and upper air-
ways of patients with CE.*> Studies in the CF knockout pig
confirmed the lack of chloride transport and sodium hyper-
absorption in nasal epithelium,® but highlighted that sodium
hyperabsorption and depletion of airway surface liquid were
not present in CF pig lower airways,” thereby somewhat
questioning the validity of the ‘“low volume” hypothesis.
However, consistent with patients with CF, the CF pig also had
reduced CFTR-dependent bicarbonate secretion in the air-
ways,” which in the pig leads to reduced airway surface pH
causing impairment of innate bacterial defense mechanisms.®
The role of CFTR expression in inflammatory cells such as
neutrophils, macrophages, and more recently T cells, has been
widely, and so far, inconclusively debated,g_13 but studies
overall appear to suggest a potential defect in adaptive immune
responses in patients with CF, which may explain the exag-
gerated pulmonary inflammatory responses that have been
generally observed, an area that requires further studies.

CF is the most common genetic disease in the white
population. Approximately 80,000 people have been diag-
nosed with CF in the United States and Europe'* with
10,000 patients with CF living in the United Kingdom to-
day, of which more than 57% are adults.'> However, in-
creasing numbers of patients with CF are being identified in
other large populations including China and India. CF was
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TABLE 1. CFTR GENE MUTATION CLASSES

Key example of
disease-causing

Class Effect on protein mutations
I Defective protein production G542X

II Defective protein processing F508del
18 Defective protein regulation G551D

v Defective protein conductance R117H

\Y Reduced protein synthesis A455E

VI Reduced protein c.120del23

surface retention

CFTR, cystic fibrosis transmembrane conductance regulator gene.
Of note: a large number of known CFTR mutations are currently
unclassified with respect to mutation class.

first defined as a disease in 1938, but the CFTR gene was not
identified until 1989'%7'8: a landmark that opened the door
for the development of CF gene therapy. To date more than
1990 mutations have been identified within the CFTR gene,19
but not all can be conclusively categorized as disease-causing.
On the basis of the resulting cellular phenotype the muta-
tions can be classified into six classes’ (Table 1). Classes I-
IIT tend to abolish CFTR expression and/or function (severe
mutations) whereas classes IV=VI produce CFTR variants
with residual expression and/or function (mild mutations).2
Although the genotype—phenotype correlation is strong for
pancreatic disease (severe mutations lead to pancreatic in-
sufficiency and patients require enzyme supplements to di-
gest food, whereas patients with mild mutations remain
pancreatically sufficient), in the lung the environment, so-
cioeconomic factors, and other modifier genes significantly
contribute to disease severity. By far the most common mu-
tation worldwide is a deletion of phenylalanine (Phe508del,
previously called AF508). In the United Kingdom 90% of
patients with CF are homozygous or compound heterozygous
for Phe508del, although the absolute frequency varies among
different populations. Several therapies including, among
others, inhaled antibiotics, macrolides, and novel mucolytics
such as dornase alfa (a recombinant DNase) and hypertonic
saline, have progressed from clinical trials into mainstream
treatment and led to a steady increase in median predicted
survival, which is currently 37 years in the United Kingdom."”
The introduction of clinical trial networks in the United
States?® and Europe®' has significantly contributed to the rapid
progression from bench to bedside.

Gene Therapy to Treat CF Lung Disease

As mentioned previously, the cloning of the CFTR gene
was a landmark for the development of CF gene therapy.
The vast majority of efforts over the last 20 years have
focused on developing gene therapy for CF lung disease,
largely due to the urgent need for more effective treatments
and the noninvasive accessibility of the lung.

Identification of the now-licensed CFTR potentiator Ka-
lydeco (also known as ivacaftor or VX-770) has been a
success story for high-throughput small-molecule drug de-
velopment. Kalydeco potentiates CFTR 2grotein function in
patients with class III gating mutations.”*** However, it is
important to note that only ~4% of patients with CF carry
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mutations that respond to Kalydeco. The development of
small-molecule drugs that improve CFTR processing (cor-
rectors) in patients with Phe508del mutations, which would
be beneficial for the vast majority of patients with CF, has so
far proven more difficult (reviewed in Bell et al.24). How-
ever, research into CFTR correctors and, more importantly
the potentiator Kalydeco, has shown that the molecular
defect of CFTR is drug targetable and that amelioration of
CFTR function translates into improvements in disease
phenotype. These findings have renewed interest and in-
vestment into other therapies aimed at targeting the mo-
lecular defect, including gene therapy.

Gene therapy for CF has a number of important features
compared with other experimental and established drugs:

1. In contrast to the mutation class—specific treatments de-
scribed previously, gene therapy is mutation class inde-
pendent and will likely be suitable for all patients.

2. In contrast to many other established drugs, gene therapy
will target the disease at its origin, the molecular defect.
This offers the potential for lung disease prevention, if
treatments are initiated early.

3. As described previously, disease pathophysiology is
widely debated. Lung gene therapy will not require dis-
ease pathology to be completely illuminated. However, if
CFTR expression in inflammatory cells turns out to be an
important factor for host defense, additional gene therapy—
based strategies such as transduction of bone marrow—
derived cells may be important.

Challenges for CF Gene Therapy

The development of pulmonary gene therapy has been
slower than initially predicted and hoped for. The lung is a
complex and difficult target organ because of the presence
of potent intra- and extracellular barriers that have evolved
to protect the lungs from foreign bodies including bacteria,
viruses, and gene transfer agents. Extracellular mucus and
CF sputum, cilia beating, and the nuclear membrane all
affect the efficiency of gene transfer.”” In addition, a number
of other questions are currently unresolved.

What level of CFTR gene expression is required
to achieve clinical benefit in the treated patient?

A body of evidence suggests that even modest amounts of
CFTR expression may suffice to improve lung disease.

First, data from early in vitro studies suggest that low-
level correction of 6-10% of CFTR gene expression in
airway epithelium can restore chloride transport to non-CF
levels.?® However, later studies indicated that higher num-
bers of CFTR-expressing cells (>25%) are necessary to
allow efficient mucous transport of CFTR.?” More recently,
adenovirus-mediated CFTR gene transfer into 20-30% of
sinus epithelial cells extracted from CF knockout pigs cor-
rected chloride transport to 50% of non-CF levels, and even
low levels of gene transfer (~7%) produced detectable
levels of correction (~ 6% of non-CF).28

Second, individuals with CF with certain ‘‘mild”’ muta-
tions that retain as little as 10% of normal CFTR expression
per cell generally do not suffer from lung disease, although
other organs such as the vas deferens may be affected.”

However, it is currently unclear whether low-level expres-
sion in many cells (as in patients with 10% of residual CFTR
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expression) or a low number of cells expressing high levels of
CFTR (as in the cell-mixing experiments) will be required to
achieve clinical benefit after gene therapy. This question is
further complicated by the fact that molecular assays to
quantify mRNA and protein expression do not work particu-
larly well on bronchial brushings and biopsies obtained from
the lungs of patients with CF after gene transfer,”**! due to (1)
the small amount of sample that can be obtained, (2) the region
that bronchial brushings and biopsies can be obtained from
(comparatively large third- to fourth-generation airways, ra-
ther than smaller airways in which disease first manifests), (3)
the poor specificity of anti-CFTR-specific antibodies, and (4)
the relative sensitivity of the assays.

In addition, it is unclear which of the features related to
CF pathophysiology are most important. None of the gene
therapy trials reported so far has shown evidence for cor-
rection of the sodium transport defect, and in vitro cell-
mixing experiments implied that the correction of sodium
hyperabsorption requires high numbers (close to 100%) of
non-CF cells.**** We are currently not aware of studies that
have addressed how much CFTR expression in how many
cells may be required to correct the bicarbonate transport
defect and associated alterations in mucus unfolding** and
airway surface liquid pH.®

Another question that remains unresolved concerns which
cells in the lung are the most appropriate target for gene
transfer. CFTR is expressed in various lung regions and cell
types,”> " and in our view airway epithelial cells (Fig. 1) are
currently the most likely target cell for gene replacement.

Twenty-six clinical trials involving approximately 450
patients have been carried out.*” A phrase similar to “CF
gene therapy has failed to demonstrate clinical benefit,”
which is frequently stated in the literature, requires some
clarification. The vast majority of the CF gene therapy trials

FIG. 1. Ciliated human airway epithelial cells: target cells
for CF gene therapy. The dense ciliary border on airway
epithelial cells is a significant extracellular barrier to CF
gene therapy. Cilia are stained with an anti-tubulin-f anti-
body (green). Nuclei are stained with DAPI (blue). Picture
courtesy of M. Wasowicz (Department of Gene Therapy,
Imperial College, London). Color images available online at
www.liebertpub.com/hum
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were short and included small numbers of patients and were
not designed to assess clinical benefit, but to establish safety
and proof-of-concept for gene transfer using molecular end
points such as the detection of recombinant mRNA or cor-
rection of the ion transport defect. Early trials focused on de-
livery of gene transfer agents to the nasal epithelium, used as a
surrogate for lung delivery because of their similarity in cell
composition and being potentially safer for first-in-human
studies. Importantly, these studies clarified the strength and
weaknesses of viral and nonviral gene transfer for chronic
diseases such as CF and highlighted that preclinical models do
not well predict clinical trial outcomes. Landmark preclinical
and clinical studies are described below.

Viral Vector-Mediated Gene Transfer

Early studies: Adenoviral vectors
for CF gene therapy

Adenoviruses are nonenveloped, double-stranded DNA
viruses composed of a complex icosahedral capsid.*"** The
knob domain of the fiber binds to the coxsackie and adeno-
virus receptor (CAR) on the cell surface and facilitates virus
entry,*"** although integrin receptors such as o, f33 and o, s
and the major histocompatibility complex (MHC) class I may
also play a role in virion—cell interaction.*> After entry the
virus remains in an episomal state within the nucleus.

Because of a natural tropism for the lung and a large
packaging capacity, adenoviral vectors were the first to be
assessed for CF gene therapy. In first-generation vectors the
El region was deleted to prevent virus replication. More
advanced versions, so-called helper-dependent adenoviral
(HDAd) vectors, were depleted of all viral coding se-
quences.‘m’44 The first, albeit not placebo-controlled, CF
gene therapy trial was reported by Zabner and colleagues in
1993, only 4 years after cloning the CFTR gene. A serotype
2 adenoviral (Ad2) vector carrying the human CFTR cDNA
was administrated to the nasal epithelium of three patients
with CF. Although patient numbers were low, this study pro-
vided the first proof-of-concept for correction of the chloride
transport defect and stimulated further interest in the devel-
opment of adenovirus-based clinical trials.*® Since 1994, nine
further adenoviral vector trials were conducted.**>* Com-
bined, these studies showed that adenoviral vectors were not
suitable for CF gene therapy because of (1) inefficient and
transient gene transfer and (2) induction of immune responses
that prevented efficacy on repeat administration (as reviewed
in Griesenbach and Alton4o).

Numerous preclinical studies have been conducted to
increase gene transfer and reduce induction of immune re-
sponses. The realization that the CAR receptors are located
on the basolateral rather than the apical membrane of airway
epithelial cells led to assessment of tight junction openers
such as sodium caprate™ and lysophosphatidylcholines,®
which showed moderate success. In addition, various im-
munosuppressive strategies were assessed, but the suitability
of tight junction openers and immunosuppression in the
context of bacteria-infected CF lungs was never addressed
systematically. The more recent development of HDAd
vectors goes somewhat toward reducing inflammatory and
immune responses,”’° but progress has not been sufficient
to warrant assessment of HDAd vectors in CF, a chronic
disease that requires life-long gene expression.
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Are AAV vectors more suitable for CF gene therapy?

The other family of viruses developed for CF gene therapy
are the adeno-associated viruses (AAVs), small nonenveloped,
single-stranded DNA viruses, which also have a natural tro-
pism for the lung and are nonpathogenic. The virus enters cells
by binding to cell surface proteoglycans (sialic acid, galactose,
or heparan sulfate)®® and to cell surface receptors such as fi-
broblast growth factor receptor or integrins.”' Although the
wild-type virus integrates into the human genome, it has been
suggested that the majority of AAV vectors remain in an
episomal nuclear configuration after conversion from single-
stranded into double-stranded DNA.®*% However, Kaeppel
and colleagues assessed the integration site profile in patients
treated intramuscularly with alipogene tiparvovec (Glybera, an
AAV vector carrying lipoprotein lipase) and showed that in-
tegration occurred but was random and, in contrast to gamma-
retroviral vectors, which have been associated with cases of
insertional mutagenesis, not associated with preferential inte-
gration close to transcription start sites.** Kaeppel and col-
leagues also noticed significant integration into mitochondrial
genomes, which was surprising, and raises further questions
related to AAV biology. One of the most attractive features of
AAV vectors is their ability to support prolonged gene ex-
pression in many tissues.

The first AAV CF trial was published in 1998 and over a
period of 8 years, six other clinical trials focused on deliv-
ering the vector by bronchoscope or by aerosol into nose,
lung, or sinuses were conducted. These trials were led mainly
by Targeted Genetics (now AmpliPhi Biosciences) and used
serotype 2 (AAV2).% Initial single-dose phase I trials dem-
onstrated that virus administration to the CF airways was
safe, but provided little opportunity to assess the efficiency of
vector-specific CFTR expression. A large repeat-administra-
tion study (100 subjects), sufficiently powered to detect
changes in lung function, did not meet its 5pn‘mary efficacy
end point (improvement in lung function).®

There may be several reasons for these disappointing
results: (1) AAV2 is too inefficient in transducing airway
epithelial cells via the apical membrane; (2) the inverted
terminal repeat (ITR) promoter, which was used to drive
expression of the 4.7-kb CFTR cDNA because of the limited
packaging capacity (about 5kb) of the virus, had previ-
ously been shown to support CFTR expression when used
in vitro,%® but is too weak in vivo; and/or (3) repeat ad-
ministration of AAV2 to the lung is not possible because of
the development of an antiviral immune response. No ad-
ditional AAV lung trials have been performed since 2005,
but research aimed at addressing and improving these po-
tential limitations of AAV has been actively pursued (re-
viewed in Griesenbach and Alton?; and see below for
discussion of some of the more recent studies) and some
progress, particularly related to improving transduction
efficiency, has been made.

However, on balance we would argue that AAV vectors
may face similar problems with repeat administrations as
adenoviral vectors, but a clinical trial assessing repeat ad-
ministration of an AAV vector, proven to transduce the
human airway epithelium efficiently, is the only way to
address this question reliably. Interestingly, Liu and col-
leagues have shown that AAV vectors may be able to
transduce progenitor cells in the mouse lung,®” which if
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efficient may help to overcome the repeat administration
problem. In addition, Faust and colleagues have shown that
depletion of CpG dinucleotides from the AAV vector re-
duces activation of Toll-like receptor 9 (TLR9)-mediated
adaptive immune responses after intramuscular injection of
the vector, leading to reduced inflammation and prolonged
gene expression.®® However, it remains to be assessed
whether CpG-depleted AAV vectors offer any advantages
for CF gene therapy.

Several other AAV isoforms, either naturally occurring
(e.g., AAV1, AAVS5, and AAV6) or generated through rational
design or directed evolution (e.g., AAV6.2), have been as-
sessed in the lung and some have been shown to lead to hi6gher
transduction efficiency than the initial AAV2 vector.””"
However, cross-species variation in vector transduction ef-
ficiency remains a challenging problem when deciding on
the most appropriate in vitro or in vivo model system.”*

As mentioned previously, the size of CFTR (~4.7kb) is
close to the maximal packaging capacity of the virus,”
which leaves insufficient space for potent promoters and
enhancers. Strategies based on using two AAV vectors as
carriers for the transcription cassette (trans-splicing), which
on cell entry recombine and generate a functional product,
have been proposed. Trans-splicing-based AAV-CFTR
transduction has led to partial correction of chloride trans-
port in vitro,”®’® although significant questions related to
the efficacy of this approach remain and translation into
clinical trials has not yet been proposed. Yan and colleagues
reported the generations of a chimeric virus consisting of a
human bocavirus virus-1 (HBoV1) capsid, which comfort-
ably accommodated an AAV2 genome carrying CFTR and
patented transcriptional regulatory elements.’” The chimeric
rAAV2/HBoV1 vector transduced polarized airway epithe-
lial cells more efficiently than AAV1 and AAV2 in vitro and
corrected CFTR-dependent chloride transport in vitro. It
remains to be seen whether this vector configuration holds
promise for in vivo applications.

Additional factors that may limit the efficacy of AAV
vectors in CF lungs are the sputum and bacteria-induced in-
flammation. This is further supported by studies showing that
CF sputum significantly restricts diffusion of AAV, which can
in part by overcome by reducing AAV binding to the sputum
and by decreasing sputum viscosity.”® In addition, Myint and
colleagues used several bacteria-infection models to highlight
that ongoing and recently resolved respiratory infections sig-
nificantly decrease the efficacy of AAV-mediated gene trans-
fer,” which is relevant considering that the vast majority of
patients with CF will suffer from pulmonary infections.

Although previously we have highlighted several limita-
tions for using AAV vectors in the context of CF gene therapy,
significant advances in vector development to overcome issues
related to preexisting and adaptive immune responses and the
limited packaging capacity have been made. Importantly,
AAV vectors have 8proven clinical efficacy in the context of
treating hemophilia® and Leber’s congenital amaurosis,®' and
significant investments into the vector platform have been
made by Pfizer® and Sanofi-Genzyme.*

Do RNA Viruses Hold Promise for CF Gene Therapy?

Paramyxoviruses such as human parainfluenza virus
(hPIV) and murine Sendai virus (SeV) have been shown to
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transduce airway epithelial cells efficiently.®* Key factors
for entry of both viruses into cells are the fusion (F) and
hemagglutinin neuraminidase (HN) envelope proteins. The
HN protein mediates virus—host cell attachment via sialic
acid receptors, and the F protein is essential in fusing virus
and cell membranes, allowing the viral nucleocapsid to be
released into the host cell.*> hPIV achieved correction of the
CF-related mucus transport defect in vitro,”” but only SeV
was assessed in vivo and shown to partially correct CFTR-
dependent chloride transport in CF knockout mice.*® However,
SeV-mediated gene expression was transient (~ 1 week) and
the vector also induced strong adaptive immune responses that
prevented efficient repeat administration of the vector.®”*®

Lentiviral vectors have shown clinical efficacy in patients
with Wiskott-Aldrich syndrome® and metachromatic leu-
kodystrophy.”® In addition, a trial in patients with Parkin-
son’s disease demonstrated long-term safety and tolerability
of direct injection of the vector into the brain.’' Lentiviruses
are enveloped RNA viruses that belong to the family Ret-
roviridae, and in contrast to gammaretroviruses, transduce
dividing and nondividing cells,”* which make them a suit-
able vector for transduction of terminally differentiated cells
in the airways.

Human (HIV),93 simian (SIV),94 and feline (FIV) im-
munodeficiency virus,” as well as equine infectious anemia
virus (EIAV) vector platforms,”® are being developed for CF
gene therapy. These vectors do not have a natural tropism
for the lung and therefore require pseudotyping with suitable
envelope proteins to achieve efficient transduction. The
vesicular stomatitis virus G (VSVG) protein, which is
widely used, does not transduce airway epithelium effi-
ciently via the apical membrane, but transduction efficiency
can be increased by preadministration of tight junction
openers that allow access of the virus to the basolateral
membrane.”” However, it is currently unknown whether
opening of tight junctions in the bacteria-infected CF lung is
safe. Several other groups, including our own, have used
lentiviral vectors pseudotyped with other envelope proteins
such as influenza hemagglutinin (HA)?® and glycoprotein
gp64 from baculovirus.”® We assessed an SIV vector
pseudotyped with the F and HN proteins from SeV (rSIV.F/
HN)* and showed that the vector transduces airway epi-
thelial cells efficiently and that a single dose achieved sus-
tained gene expression for the lifetime of the mouse.”"'% It
is currently unclear whether the sustained expression was
due to a long half-life of airway epithelial cells and/or
progenitor cell integration. Surprisingly, but consistent with
data published by Sinn and colleagues,” we also showed
that the vector can be repeatedly administered without loss
of efficacy,””'® implying that lentiviral vectors are more
effective in escaping adaptive immune response mecha-
nisms than adenoviral and AAV vectors. These unique
features make lentiviral vectors attractive candidates for
further progression into CF gene therapy trials.

Further Steps Taken to Progress Lentiviral Vectors
Toward Clinical Trials in Patients with CF

1. Sinn and colleagues have shown that gp64-pseudotyped
lentivirus transduced porcine airways in vivo, a first step
toward assessing the efficacy of lentivirus-mediated gene
transfer in CF knockout pigs.'"’
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2. The UK. Cystic Fibrosis Gene Therapy Consortium
(CFGTC) has generated pharmacopoeia-compliant pro-
ducer plasmids and developed scalable GMP-compliant
production methods (CFGTC manuscript in preparation).
We have conducted an extensive study to select the most
appropriate and safest vector configuration for progression
into clinical trial (CFGTC manuscript in preparation).

3. Insertional mutagenesis due to vector integration into
the genomic DNA and possible activation of a proto-
oncogene is a recognized safety concern for gammare-
troviral vectors.'%? Tt is important to note, however, that
lentiviral vectors have not been associated with any seri-
ous adverse events resulting from insertional mutagenesis
when used for bone marrow transduction in patients with
metachromatic leukodystrophy and Wiskott-Aldrich syn-
drome.®>° This appears to be due to improved vector
design and differences in insertion site groﬁles between
gammaretroviral and lentiviral vectors.'? However, in a
p-thalassemia trial, lentiviral vector integration caused
transcriptional activation of HMGA2 in erythroid cells,
leading to clonal dominance, which to date remains be-
nign.'™ Reports assessing the risk of insertional muta-
genesis of lentiviral vectors in organs other than the bone
marrow are limited. We, and others, have not seen any
evidence of insertional mutagenesis after topical admin-
istration of lentiviral vectors to the intact airways,”>'*’ but
extensive regulatory-compliant toxicology studies asses-
sing acute and chronic toxicity as well as integration site
profiling must be performed before progression to clinical
trials.

The U.K. CFGTC is currently working toward a first-
in-human phase I lentivirus CF gene therapy trial.

Are Nonviral Gene Transfer Agents a Suitable
Alternative to Viral Vectors for CF Gene Therapy?

Nonviral gene transfer formulations have two compo-
nents: (1) the nucleic acid, that is, the therapeutic cDNA and
appropriate regulatory elements; and (2) a carrier molecule
that binds to the DNA. In the context of CF gene therapy a
large number of carrier molecules have been developed that
may be broadly characterized as either cationic lipids or
cationic polymers. In preclinical airway in vitro and in vivo
models nonviral vectors are generally less efficient than
viral vectors,*® but a direct comparison in human lung has
not yet been carried out.

The United Kingdom has been the center of activity for
nonviral CF gene therapy. Caplen and colleagues con-
ducted the first nonviral CF nose trial in 1995,“4 and be-
tween 1995 and 2004 an additional six nonviral nose gene
transfer studies (three in the United Kingdom) have taken
place,'® "% all but one using cationic lipid formu-
lations.""" In a further U.K. study in 2000, Hyde and
colleagues established proof-of-concept that repeat ad-
ministration (three doses) of a cationic liposome com-
plexed to a plasmid carrying the human CFTR cDNA
(pCFTR) to the nasal epithelium of patients with CF was
feasible without loss of efficacy.>’ Alton and colleagues,
for the first time, administered the cationic lipid formula-
tion GL67A complexed to pCFTR to the lungs of U.K.
patients with CF and, encouragingly, electrophysiological
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changes could also be demonstrated in the lower airways.
The study also showed that in contrast to the previous nose
studies, administration of nonviral vectors to the lung
caused mild transient inflammation.’® These finding were
subsequently reproduced in the United States by Ruiz and
colleagues.lo8 Combined, these studies showed that (a)
gene transfer to the airway epithelium (nose and lung) was
feasible, (b) partial correction of the CFTR-dependent
chloride transport defect, but not the sodium transport
defect, could be achieved in some, but not all, studies, and
(c) administration of nonviral vectors was safe, but the
nose did not predict the mild lung inflammatory responses.

As for all but one of the viral gene therapy trials, all nine
nonviral gene therapy studies published to date were phase
I/I1a safety studies, not designed to assess clinical benefit of
gene therapy. The three U.K. centers involved in CF gene
therapy trials based in London, Oxford, and Edinburgh
formed the U.K. CFGTC in 2002 with the explicit aim to
assess whether gene therapy can improve CF lung disease.
From the start we anticipated that answering this question
will require a long (~ 12 months), double-blinded, placebo-
controlled multidose trial sufficiently powered to assess
clinical benefit. Since 2002 the U.K. CFGTC has conducted
a phased translational research program (Table 2) and key
stages are described below.

1. Activity in the 1990s led to the development of a myriad of
nonviral gene transfer agents, but it is our impression that
progress in developing novel formulations for airway gene
therapy has been modest and that GL67A, which was used
in the first U.K. nonviral lung trial (see previously) in 1999
remains the most potent nonviral vector for airway gene
transfer more than a decade later.''? We also compared a
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range of commercially available nebulizers to select the
most appropriate device for aerosol delivery of pGM169/
GL67A complexes.''?

. The mild inflammatory responses and transient duration

of gene expression noted by Alton and colleagues after
single-dose administration of GL67A/pCFTR aerosols to
the lungs of patients with CF*® led to the development
of CpG-nucleotide free plasmids containing a synthetic
transcriptional regulator consisting of the elongation factor-
loe promoter and the human cytomegalovirus (CMV)
enhancer.''* This novel CpG-free plasmid led to reduced
inflammation by avoiding activation of Toll-like receptor
(TLR)-9 pathways, and prolonged (>4 weeks) gene ex-
pression in mouse models.

. A study aimed at selection of putative end-point assays

based on their responses to conventional antibiotic
treatments during an exacerbation (tracking study; see
Table 2) allowed the identification of key biomarkers of
inflammation, imaging, and physiology that alter along-
side symptomatic improvement after treatment of an
acute CF exacerbation. These data, in parallel with our
study of biomarkers in patients with stable CF (run-in
study; see Table 2), provided important guidance in
choosing OPtirnal biomarkers for subsequent gene ther-
apy trials.'"”

. After selection of the most potent nonviral gene transfer

agent (pGM169/GL67A) a single-dose phase I/Ila open-
label safety trial was conducted to select the most ap-
propriate dose of pGM169/GL67A for the subsequent
multidose safety trial. This trial included assessment of
molecular efficacy (correction of CFTR-dependent
chloride transport in lungs and nose of treated patients)
(CFGTC manuscript in preparation).

TaBLE 2. U.K. Cystic FIBROSIS GENE THERAPY PROGRAM

Phase Objectives

Progression criteria

Preclinical selection and
development of a GTA
suitable for repeated
administration to patients
with CF

Tracking study

exacerbations

—_

Single-dose phase I/Ila

Selection of pGM169/GL67A

Validation of putative end-point
assays in patients undergoing

1. Transfection of AECs

2. Low toxicity

3. Repeat administration feasible
4. Stability in nebulizer

5. GMP production feasible

Selection of end points that respond
to conventional treatment

. Selection of suitable dose for MDT 1. Suitable dose: 5ml of pGM169/

pilot trial 2. Confirmation of dosing interval GL67A per dose
in patients with CF 2. Dosing interval: Monthly for 12 months
Run-in study 1. Selection of primary and secondary 1. Primary end point: Percent change
end points in relative FEV, from baseline

2. Characterization of most suitable 2. Inclusion of patients >12 years

patient population for MDT trial
Prove safety in animal models

Multidose murine and ovine
regulatory-compliant
toxicology studies

Multidose, double-blinded,
placebo-controlled

phase IIb trial and placebo groups

Significant difference in primary
end point comparing active

and with baseline FEV, of 50 to 90%

1. No chronic inflammation
2. No remodeling of lung
3. No extrapulmonary effects

Depending on outcome of trial

AECs, airway epithelial cells; CF, cystic fibrosis; FEV,, forced expiratory volume in the first second; GMP, Good Manufacturing

Process; GTA, gene transfer agent; MDT, multidose trial.
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5. A study aimed at (a) selection of putative end-point assays
based on their sensitivity and variability in stable patients
and at (b) selection of the most appropriate patient pop-
ulation (run-in study; see Table 2) included approximately
200 patients. During trial visits, which were scheduled
approximately every 6 months, patients underwent a range
of assays including a one-off deposition scan. A key factor
for patient selection is to find a good balance between
“can deliver” (not too severe to prevent GL67A/pDNA
deposition) and ‘‘can measure” (not too well to mask
clinical efficacy).

6. Before progression into a multidose clinical trial, regula-
tory-compliant toxicology studies were performed. Mice
received 12 doses of pGM169/GL67A over 6 months
and sheep received 9 doses of pGM169/GL67 at monthly
intervals.''®''” All animals tolerated the treatment well.
We did not observe any chronic inflammatory responses,
lung remodeling, or any extrapulmonary responses and the
no-observed adverse event limit (NOAEL) supported
progression into a multidose clinical trial.

7. The multidose, double-blinded placebo controlled phase
IIb trial designed to assess clinical efficacy started in
summer 2012 and was completed 2 years later. The trial
included patients 12 years and older with an FEV,
between >50% to <90% predicted. All mutation types
were included, although, as expected, the vast majority of
patients were F508del homo- or compound heterozygotes.
Patients received 12 monthly 5-ml doses of pGM169/
GL67A containing 13.25 mg of plasmid DNA complexed
to 75mg of GL67A (or placebo [saline]) by aerosol. The
primary end point was a relative change in percent pre-
dicted FEV,. Secondary outcomes included additional
measurements of lung function, CT scans, and Cystic
Fibrosis Questionnaire-revised (CFQ-R). Exploratory end
points included exercise testing, activity monitoring, and
sputum inflammatory markers. Mechanistic end points
included nasal and/or bronchial vector-specific DNA,
mRNA, and electrophysiological assessment of CFTR
function. Safety was extensively evaluated. Results from
116 patients (54 placebo, 62 active) are being analyzed
and, depending on the outcome, may be either further
assessed in phase III studies or may require further im-
provement in efficacy and consistency of response.

Conclusions

Research into CFTR correctors and, more importantly,
the potentiator Kalydeco, has shown that the molecular
defect of CFTR is drug targetable and that amelioration of
CFTR function translates into improvements in disease
phenotype. These findings have renewed interest and in-
vestment into other therapies aimed at targeting the mo-
lecular defect, including gene therapy. In contrast to the
mutation class—specific treatments described previously,
gene therapy is mutation class independent and will likely
be suitable for all patients. However, proof-of-concept that
gene therapy can improve CF lung disease is currently
lacking and the results of the U.K. CF Gene Therapy Con-
sortium’s nonviral phase IIb trial, which has been com-
pleted, are awaited. Lentiviral vectors hold promise for CF
gene therapy because of their long-lasting expression and
efficacy on repeated administration.

GRIESENBACH ET AL.

Although not covered in this review, it is also important
to briefly consider genome editing in the context of CF.
Strategies based on zinc finger nucleases, transcription ac-
tivator-like effector nucleases (TALENSs), and more recently
CRISPR-Cas9 are widely used to generate in vitro and
in vivo models.''® In the context of CF, Schwank and col-
leagues used the CRISPR—Cas9 technology to correct the
CFTR locus in human and mouse intestinal organoids.119
Similarly, Lee and colleagues used zinc finger nucleases to
correct the F508del mutation in an in virro model.'*"
However, genome editing of the CFTR locus is currently
more suited to the development of preclinical models, rather
than of therapeutic value in the context of CF lung therapy.

Acknowledgments

The authors thank Samia Soussi for help with preparing
the manuscript. This project was supported by the NIHR
Respiratory Disease Biomedical Research Unit at the Royal
Brompton and Harefield NHS Foundation Trust and Im-
perial College London. The views expressed in this publi-
cation are those of the authors and not necessarily those of
the NHS, the National Institute for Health Research, or the
Department of Health.

Author Disclosure Statement

No competing financial interests exist.

References

1. Collawn JF, and Matalon S. CFTR and lung homeostasis.
Am J Physiol Lung Cell Mol Physiol 2014;307:L917-1.923.

2. Wang Y, Wrennall JA, Cai Z, et al. Understanding how
cystic fibrosis mutations disrupt CFTR function: from
single molecules to animal models. Int J Biochem Cell
Biol 2014;52:47-57.

3. Boucher RC. Airway surface dehydration in cystic fibrosis:
pathogenesis and therapy. Annu Rev Med 2007;58:157-170.

4. Naehrlich L, et al. Nasal potential difference measure-
ments in diagnosis of cystic fibrosis: an international
survey. J Cyst Fibros 2014;13:24-28.

5. Davies JC, et al. Potential difference measurements in the
lower airway of children with and without cystic fibrosis.
Am J Respir Crit Care Med 2005;171:1015-1019.

6. Rogers CS, et al. Disruption of the CFTR gene produces a
model of cystic fibrosis in newborn pigs. Science 2008;
321:1837-1841.

7. Chen JH, et al. Loss of anion transport without increased
sodium absorption characterizes newborn porcine cystic
fibrosis airway epithelia. Cell 2010;143:911-923.

8. Pezzulo AA, et al. Reduced airway surface pH impairs
bacterial killing in the porcine cystic fibrosis lung. Nature
2012;487:109-113.

9. Goldstein W, and Doring G. Lysosomal enzymes from
polymorphonuclear leukocytes and proteinase inhibitors
in patients with cystic fibrosis. Am Rev Respir Dis
1986;134:49-56.

10. Nakamura H, Yoshimura K, McElvaney NG, et al. Neu-
trophil elastase in respiratory epithelial lining fluid of in-
dividuals with cystic fibrosis induces interleukin-8 gene
expression in a human bronchial epithelial cell line. J Clin
Invest 1992;89:1478-1484.

11. Haggie PM, and Verkman AS. Cystic fibrosis transmembrane
conductance regulator-independent phagosomal acidification
in macrophages. J Biol Chem 2007;282:31422-31428.



CF

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

GENE THERAPY

. Di A, et al. CFTR regulates phagosome acidification in
macrophages and alters bactericidal activity. Nat Cell Biol
2006;8:933-944.

Mueller C, et al. Lack of cystic fibrosis transmembrane con-
ductance regulator in CD3+ lymphocytes leads to aberrant
cytokine secretion and hyperinflammatory adaptive immune
responses. Am J Respir Cell Mol Biol 2011;44:922-929.
Cystic Fibrosis Worldwide. www.cfww.org (last accessed
May 11, 2015).

Cystic Fibrosis Registry. www.cysticfibrosis.org.uk/media/
598466/annual-data-report-2013-jul14.pdf (last accessed
April 28, 2015).

Kerem B, et al. Identification of the cystic fibrosis gene:
genetic analysis. Science 1989;245:1073-1080.

Riordan JR, et al. Identification of the cystic fibrosis gene:
cloning and characterization of complementary DNA.
Science 1989;245:1066—-1073.

Rommens JM, et al. Identification of the cystic fibrosis
gene: chromosome walking and jumping. Science 1989;
245:1059-1065.

Cystic Fibrosis Mutation Database. www.genet.sickkids
.on.ca/cftr/ (last accessed May 11, 2015).

Cystic Fibrosis Foundation. www.cff.org/research/TDN/
(last accessed May 11, 2015).

European Cystic Fibrosis Society https://www.ecfs.eu/ctn
(last accessed May 11, 2015).

Ramsey BW, et al. A CFTR potentiator in patients with
cystic fibrosis and the G551D mutation. N Engl J Med
2011;365:1663-1672.

De Boeck K, et al. Efficacy and safety of ivacaftor in
patients with cystic fibrosis and a non-G551D gating
mutation. J Cyst Fibros 2014;13:674—680.

Bell SC, De BK, and Amaral MD. New pharmacological
approaches for cystic fibrosis: promises, progress, pitfalls.
Pharmacol Ther 2015;145C:19-34.

Oakland M, Sinn PL, and McCray PB, Jr. Advances in cell
and gene-based therapies for cystic fibrosis lung disease.
Mol Ther 2012;20:1108-1115.

Johnson LG, et al. Efficiency of gene transfer for resto-
ration of normal airway epithelial function in cystic fi-
brosis. Nat Genet 1992;2:21-25.

Zhang L, et al. CFTR delivery to 25% of surface epithelial
cells restores normal rates of mucus transport to human cystic
fibrosis airway epithelium. PLoS Biol 2009;7:¢1000155.
Potash AE, et al. Adenoviral gene transfer corrects the ion
transport defect in the sinus epithelia of a porcine CF
model. Mol Ther 2013;21:947-953.

Chu CS, Trapnell BC, Curristin S, et al. Genetic basis of
variable exon 9 skipping in cystic fibrosis transmembrane
conductance regulator mRNA. Nat Genet 1993;3:151-156.
Alton EW, et al. Cationic lipid-mediated CFTR gene
transfer to the lungs and nose of patients with cystic fi-
brosis: a double-blind placebo-controlled trial. Lancet
1999;353:947-954.

Hyde SC, et al. Repeat administration of DNA/liposomes
to the nasal epithelium of patients with cystic fibrosis.
Gene Ther 2000;7:1156-1165.

Johnson LG, Boyles SE, Wilson J, et al. Normalization of
raised sodium absorption and raised calcium-mediated
chloride secretion by adenovirus-mediated expression of
cystic fibrosis transmembrane conductance regulator in
primary human cystic fibrosis airway epithelial cells. J
Clin Invest 1995;95:1377-1382.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

273

Farmen SL, et al. Gene transfer of CFTR to airway epi-
thelia: low levels of expression are sufficient to correct
Cl - transport and overexpression can generate basolateral
CFTR. Am J Physiol Lung Cell Mol Physiol 2005;289:
L1123-L1130.

Quinton PM. Role of epithelial HCO3 transport in mucin
secretion: lessons from cystic fibrosis. Am J Physiol Cell
Physiol 2010;299:C1222-C1233.

Engelhardt JF, et al. Submucosal glands are the predom-
inant site of CFTR expression in the human bronchus. Nat
Genet 1992;2:240-248.

Kreda SM, et al. Characterization of wild-type and AF508
cystic fibrosis transmembrane regulator in human respi-
ratory epithelia. Mol Biol Cell 2005;16:2154-2167.
Penque D, et al. Cystic fibrosis F508del patients have
apically localized CFTR in a reduced number of airway
cells. Lab Invest 2000;80:857-868.

Deriy LV, et al. Disease-causing mutations in the cystic
fibrosis transmembrane conductance regulator determine
the functional responses of alveolar macrophages. J Biol
Chem 2009;284:35926-35938.

Painter RG, et al. CFTR Expression in human neutrophils
and the phagolysosomal chlorination defect in cystic fi-
brosis. Biochemistry 2006;45:10260-10269.

Griesenbach U, and Alton EW. Moving forward: cystic
fibrosis gene therapy. Hum Mol Genet 2013;22:R52-R58.
Volpers C, and Kochanek S. Adenoviral vectors for gene
transfer and therapy. J Gene Med 2004;6 Suppl 1:S164-S171.
Saban SD, Silvestry OM, Nemerow GR, et al. Visualization
of a-helices in a 6-Angstrom resolution cryoelectron mi-
croscopy structure of adenovirus allows refinement of
capsid protein assignments. J Virol 2006;80:12049-12059.
Russell WC. Adenoviruses: update on structure and
function. J Gen Virol 2009;90:1-20.

Brunetti-Pierri N, and Ng P. Progress and prospects: gene
therapy for genetic diseases with helper-dependent ade-
noviral vectors. Gene Ther 2008;15:553-560.

Zabner J, Couture LA, Gregory RJ, et al. Adenovirus-
mediated gene transfer transiently corrects the chloride
transport defect in nasal epithelia of patients with cystic
fibrosis. Cell 1993;75:207-216.

Crystal RG, et al. Administration of an adenovirus con-
taining the human CFTR cDNA to the respiratory tract of
individuals with cystic fibrosis. Nat Genet 1994;8:42-51.
Knowles MR, et al. A controlled study of adenoviral-vector-
mediated gene transfer in the nasal epithelium of patients
with cystic fibrosis. N Engl J Med 1995;333:823-831.

Hay JG, McElvaney NG, Herena J, et al. Modification of
nasal epithelial potential differences of individuals with
cystic fibrosis consequent to local administration of a
normal CFTR cDNA adenovirus gene transfer vector.
Hum Gene Ther 1995;6:1487-1496.

Zabner J, et al. Repeat administration of an adenovirus
vector encoding cystic fibrosis transmembrane conduc-
tance regulator to the nasal epithelium of patients with
cystic fibrosis. J Clin Invest 1996;97:1504-1511.

Bellon G, et al. Aerosol administration of a recombinant
adenovirus expressing CFTR to cystic fibrosis patients: a
phase I clinical trial. Hum Gene Ther 1997;8:15-25.
Harvey BG, et al. Airway epithelial CFTR mRNA ex-
pression in cystic fibrosis patients after repetitive admin-
istration of a recombinant adenovirus. J Clin Invest 1999;
104:1245-1255.



274

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Zuckerman JB, et al. A phase I study of adenovirus-
mediated transfer of the human cystic fibrosis transmembrane
conductance regulator gene to a lung segment of individuals
with cystic fibrosis. Hum Gene Ther 1999;10:2973-2985.
Joseph PM, et al. Aerosol and lobar administration of a
recombinant adenovirus to individuals with cystic fibrosis.
1. Methods, safety, and clinical implications. Hum Gene
Ther 2001;12:1369-1382.

Perricone MA, et al. Aerosol and lobar administration of a
recombinant adenovirus to individuals with cystic fibrosis.
II. Transfection efficiency in airway epithelium. Hum
Gene Ther 2001;12:1383-1394.

Walters RW, et al. Basolateral localization of fiber re-
ceptors limits adenovirus infection from the apical surface
of airway epithelia. J Biol Chem 1999;274:10219-10226.
Koehler DR, et al. Aerosol delivery of an enhanced helper-
dependent adenovirus formulation to rabbit lung using an
intratracheal catheter. J Gene Med 2005;7:1409-1420.
Vetrini F, and Ng P. Gene therapy with helper-dependent
adenoviral vectors: current advances and future perspec-
tives. Viruses 2010;2:1886-1917.

Toietta G, et al. Reduced inflammation and improved
airway expression using helper-dependent adenoviral
vectors with a K18 promoter. Mol Ther 2003;7:649—658.
Koehler DR, et al. Protection of Cftr knockout mice from
acute lung infection by a helper-dependent adenoviral
vector expressing Cftr in airway epithelia. Proc Natl Acad
Sci U S A 2003;100:15364-15369.

Mietzsch M, Broecker F, Reinhardt A, et al. Differential
adeno-associated virus serotype-specific interaction pat-
terns with synthetic heparins and other glycans. J Virol
2014;88:2991-3003.

Nonnenmacher M, and Weber T. Intracellular transport of
recombinant adeno-associated virus vectors. Gene Ther
2012;19:649-658.

Penaud-Budloo M, et al. Adeno-associated virus vector
genomes persist as episomal chromatin in primate muscle.
J Virol 2008;82:7875-7885.

Flotte TR, Afione SA, and Zeitlin PL. Adeno-associated
virus vector gene expression occurs in nondividing cells in
the absence of vector DNA integration. Am J Respir Cell
Mol Biol 1994;11:517-521.

Kaeppel C, et al. A largely random AAV integration profile
after LPLD gene therapy. Nat Med 2013;19:889-891.
Moss RB, et al. Repeated aerosolized AAV-CFTR for
treatment of cystic fibrosis: a randomized placebo-controlled
phase 2B trial. Hum Gene Ther 2007;18:726-732.

Flotte TR, et al. Expression of the cystic fibrosis transmem-
brane conductance regulator from a novel adeno-associated
virus promoter. J Biol Chem 1993;268:3781-3790.

Liu X, et al. Analysis of adeno-associated virus progenitor
cell transduction in mouse lung. Mol Ther 2009;17:285-293.
Faust SM, et al. CpG-depleted adeno-associated virus
vectors evade immune detection. J Clin Invest 2013;123:
2994-3001.

Vandenberghe LH, et al. Naturally occurring singleton
residues in AAV capsid impact vector performance and il-
lustrate structural constraints. Gene Ther 2009;16:1416-1428.
Li W, et al. Generation of novel AAV variants by directed
evolution for improved CFTR delivery to human ciliated
airway epithelium. Mol Ther 2009;17:2067-2077.

Flotte TR, et al. Dual reporter comparative indexing of
rAAV pseudotyped vectors in chimpanzee airway. Mol
Ther 2010;18:594-600.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.
84.

85.

86.

87.

88.

89.

90.

91.

92.

GRIESENBACH ET AL.

Halbert CL, et al. Expression of human «;-antitrypsin in
mice and dogs following AAV6 vector-mediated gene
transfer to the lungs. Mol Ther 2010;18:1165-1172.
Limberis MP, Vandenberghe LH, Zhang L, et al. Trans-
duction efficiencies of novel AAV vectors in mouse air-
way epithelium in vivo and human ciliated airway
epithelium in vitro. Mol Ther 2009;17:294-301.

Asokan A, Schaffer DV, and Samulski RJ. The AAV
vector toolkit: poised at the clinical crossroads. Mol Ther
2012;20:699-708.

Allocca M, et al. Serotype-dependent packaging of large
genes in adeno-associated viral vectors results in effective
gene delivery in mice. J Clin Invest 2008;118:1955-1964.
Song Y, et al. Functional cystic fibrosis transmembrane
conductance regulator expression in cystic fibrosis airway
epithelial cells by AAV6.2-mediated segmental trans-
splicing. Hum Gene Ther 2009;20:267-281.

Yan Z, et al. A novel chimeric adenoassociated virus 2/
human bocavirus 1 parvovirus vector efficiently trans-
duces human airway epithelia. Mol Ther 2013;21:2181-
2194.

Schuster BS, et al. Overcoming the cystic fibrosis sputum
barrier to leading adeno-associated virus gene therapy
vectors. Mol Ther 2014;22:1484-1493.

Myint M, et al. In vivo evaluation of adeno-associated virus
gene transfer in airways of mice with acute or chronic re-
spiratory infection. Hum Gene Ther 2014;25:966-976.
Nathwani AC, et al. Long-term safety and efficacy of
factor IX gene therapy in hemophilia B. N Engl J] Med
2014;371:1994-2004.

Pierce EA, and Bennett J. The status of RPE65 gene
therapy trials: safety and efficacy. Cold Spring Harb
Perspect Med 2015 [Epub ahead of print]; DOI: 10.1101/
cshperspect.a017285.

Pfizer. www.pfizer.com/news (last accessed May 11, 2015).
Sanofi-Genzyme. http://news.genzyme.com/ (last accessed
May 11, 2015).

Zhang L, et al. a-Fetoprotein gene delivery to the nasal
epithelium of nonhuman primates by human parainfluenza
viral vectors. Hum Gene Ther 2010;21:1657-1664.
Henrickson KJ. Parainfluenza viruses. Clin Microbiol Rev
2003;16:242-264.

Ferrari S, et al. Sendai virus-mediated CFTR gene transfer
to the airway epithelium. Gene Ther 2007;14:1371-1379.
Griesenbach U, et al. Validation of recombinant Sendai
virus in a non-natural host model. Gene Ther 2010;18:
182-188.

Griesenbach U, et al. Effect of tolerance induction to
immunodominant T-cell epitopes of Sendai virus on gene
expression following repeat administration to lung. Gene
Ther 2006;13:449-456.

Aiuti A, et al. Lentiviral hematopoietic stem cell gene
therapy in patients with Wiskott-Aldrich syndrome. Sci-
ence 2013;341:1233151.

Biffi A, et al. Lentiviral hematopoietic stem cell gene
therapy benefits metachromatic leukodystrophy. Science
2013;341:1233158.

Palfi S, et al. Long-term safety and tolerability of ProSa-
vin, a lentiviral vector-based gene therapy for Parkinson’s
disease: a dose escalation, open-label, phase 1/2 trial.
Lancet 2014;383:1138-1146.

Segura MM, Mangion M, Gaillet B, et al. New develop-
ments in lentiviral vector design, production and purifi-
cation. Expert Opin Biol Ther 2013;13:987-1011.



CF GENE THERAPY

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Limberis M, Anson DS, Fuller M, et al. Recovery of
airway cystic fibrosis transmembrane conductance regu-
lator function in mice with cystic fibrosis after single-dose
lentivirus-mediated gene transfer. Hum Gene Ther 2002;
13:1961-1970.

Kobayashi M, Iida A, Ueda Y, et al. Pseudotyped lenti-
virus vectors derived from simian immunodeficiency virus
SIVagm with envelope glycoproteins from paramyxovi-
rus. J Virol 2003;77:2607-2614.

Sinn PL, Arias AC, Brogden KA, et al. Lentivirus vector
can be readministered to nasal epithelia without blocking
immune responses. J Virol 2008;82:10684-10692.

Patel M, Giddings AM, Sechelski J, et al. High efficiency
gene transfer to airways of mice using influenza hemag-
glutinin pseudotyped lentiviral vectors. J Gene Med
2013;15:51-62.

Cmielewski P, Anson DS, and Parsons DW. Lysopho-
sphatidylcholine as an adjuvant for lentiviral vector me-
diated gene transfer to airway epithelium: effect of acyl
chain length. Respir Res 2010;11:84.

Sinn PL, Shah AJ, Donovan MD, et al. Viscoelastic gel
formulations enhance airway epithelial gene transfer with
viral vectors. Am J Respir Cell Mol Biol 2005;32:404—410.
Mitomo K, et al. Toward gene therapy for cystic fibrosis
using a lentivirus pseudotyped with sendai virus enve-
lopes. Mol Ther 2010;18:1173-1182.

Griesenbach U, et al. Assessment of F/HN-pseudotyped
lentivirus as a clinically relevant vector for lung gene
therapy. Am J Respir Crit Care Med 2012;186:846-856.
Sinn PL, Cooney AL, Oakland M, et al. Lentiviral vector
gene transfer to porcine airways. Mol Ther Nucleic Acids
2012;1:e56.

Aiuti A, et al. The Committee for Advanced Therapies of
the European Medicines Agency reflection paper on
management of clinical risks deriving from insertional
mutagenesis. Hum Gene Ther Clin Dev 2013;24:47-54.
Cavazzana-Calvo M, et al. Transfusion independence and
HMGAZ2 activation after gene therapy of human f-thal-
assaemia. Nature 2010;467:318-322.

Caplen NJ, et al. Liposome-mediated CFTR gene transfer
to the nasal epithelium of patients with cystic fibrosis. Nat
Med 1995;1:39-46.

Gill DR, et al. A placebo-controlled study of liposome-
mediated gene transfer to the nasal epithelium of patients
with cystic fibrosis. Gene Ther 1997;4:199-209.
Porteous DJ, et al. Evidence for safety and efficacy of
DOTAP cationic liposome mediated CFTR gene transfer
to the nasal epithelium of patients with cystic fibrosis.
Gene Ther 1997;4:210-218.

Noone PG, et al. Safety and biological efficacy of a lipid—
CFTR complex for gene transfer in the nasal epithelium of
adult patients with cystic fibrosis. Mol Ther 2000;1:105-114.
Ruiz FE, et al. A clinical inflammatory syndrome attrib-
utable to aerosolized lipid-DNA administration in cystic
fibrosis. Hum Gene Ther 2001;12:751-761.

Zabner J, et al. Comparison of DNA-lipid complexes and
DNA alone for gene transfer to cystic fibrosis airway
epithelia in vivo. J Clin Invest 1997;100:1529-1537.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

275

Konstan MW, et al. Compacted DNA nanoparticles ad-
ministered to the nasal mucosa of cystic fibrosis subjects
are safe and demonstrate partial to complete cystic fibrosis
transmembrane regulator reconstitution. Hum Gene Ther
2004;15:1255-12609.

The U.K. Cystic Fibrosis Gene Therapy Consortium. www
.cfgenetherapy.org.uk/genetherapy/article/CF_Gene_Therapy_
Clinical_Trials (last accessed May 11, 2015).
McLachlan G, et al. Pre-clinical evaluation of three non-
viral gene transfer agents for cystic fibrosis after aerosol
delivery to the ovine lung. Gene Ther 2011;18:996-1005.
Davies LA, Nunez-Alonso GA, McLachlan G, et al.
Aerosol delivery of DNA/liposomes to the lung for cystic
fibrosis gene therapy. Hum Gene Ther Clin Dev 2014;25:
97-107.

Hyde SC, et al. CpG-free plasmids confer reduced in-
flammation and sustained pulmonary gene expression. Nat
Biotechnol 2008;26:549-551.

Horsley AR, et al. Changes in physiological, functional
and structural markers of cystic fibrosis lung disease with
treatment of a pulmonary exacerbation. Thorax 2013;68:
532-539.

Alton EW, et al. The safety profile of a cationic lipid-
mediated cystic fibrosis gene transfer agent following re-
peated monthly aerosol administration to sheep. Bioma-
terials 2013;34:10267-10277.

Alton EW, et al. Toxicology study assessing efficacy and
safety of repeated administration of lipid/DNA complexes
to mouse lung. Gene Ther 2014;21:89-95.

Cox DB, Platt RJ, and Zhang F. Therapeutic genome editing:
prospects and challenges. Nat Med 2015;21:121-131.
Schwank G, et al. Functional repair of CFTR by CRISPR/
Cas9 in intestinal stem cell organoids of cystic fibrosis
patients. Cell Stem Cell 2013;13:653—-658.

Lee CM, Flynn R, Hollywood JA, et al. Correction of the
AF508 mutation in the cystic fibrosis transmem-
brane conductance regulator gene by zinc-finger nuclease
homology-directed repair. Biores Open Access 2012;1:
99-108.

Address correspondence to:

Prof. Uta Griesenbach
Department of Gene Therapy
National Heart and Lung Institute
Imperial College

Manresa Road

London, SW3 6LR

United Kingdom

E-mail: u.griesenbach@imperial.ac.uk

Received for publication February 23, 2015;
accepted after revision March 30, 2015.

Published online: April 1, 2015.



